
As a p a l  t of the s t l l d y  n!l cy t i1 ; i z l t i o : :  ~f can: E z s l f i i a i i c i n  pccicesscs 
f o r  tlie p roduc t ion  of p j p r l i n c  g a s ,  o p t i n i z a t i o n  of methaliaLion 
p rocesses  is pcrforiiaed. 

S ince  t h e  h e a t  of r e a c t i o n  for t h e  methdnatIon r e a c t i o n  i s  s o  
l a r g e  t h a t  h e a t  removal froail tlie reactor i s  the major problem i n  t h e  
p rocess  d e s i g n .  

Various s y s t c n s  of c a t a l y t i c  f j x c d  bed r e a c t o r s  are  considered. 
They a r e  t h e  a d i ? h n t i c  s y s ~ c i i ,  t h e  heat  e x t r a c t i o n  system, t h e  co ld  
quench s y s t c n  and t h e  r e c y c l e  s y s t e d .  The s i z e  of t h e  p l a n t  considered 
i s  f o r  t h e  p roduc t iou  of 250 A IO9 U.t .u . /day of p i p e l i n c  gas. 
d i f f c re : i t  feed  gas composi t ions l i k e l y  t o  rcsc i l t  fro:? the  primary 
g a s i f i c a t i o n  phaqcq  arc t r e a t e d .  Only t h e  t o t a l  equipneqt  c o s t  of 
t h e  m t h ? n a t i o n  p rocesses  is cons idc rcd .  

Three 

P r i o r  t o  the opt . i : i ! izat ion o f  tile n:etlianatjon p rocesses ,  the  . 
h e a t  e x c h ~ n g e r  opti;::; z a t i o n  i s  pcrfori:led. A computer s imula t ion  .of 
t h e  methanat ion p r o c e s s  is t h e n  p r o g r a x e d  based  on the k i n e t i c  
iufori , iat ion,  t h c  cost  in fo rma t ion  and h e a t ' a n d  m a t e r i a l  ba lance .  
S u i t a b l e  t echn iques  of o p t i n i z n t i o n  for t h e  methnqa t i o n  p rocesses  
arc! s c l e c t e d  and t h e  opcimum concliti.ons and d e s i g n s  of t h e  v a r i o u s  
systcnis are found. 

The resu1.t i n d i c a t e s  t h a t  f o r  the low C0 c a s e ,  an  a d i a b a t i c  
r e a c t o r  vi thouy i n t e r n a l  or i.nteri!icdiate coo l ing  is t h e  most econnoiical 
sys t em.  For tlie i n t e r i w d i a j c  C.0 and higli CO c a s e s ,  t h e  co ld  quench 
system o f f e r s  tlic E ! i i i i i x m  t o t a l .  e q u i p w n t  c o s t ,  Cost of equi.pricqts 
a s s o c i a t e d  \.:it11 h e R L  rcxoval  i s  found t o  occupy the major p o r t i o n  p f  the 
t o t  a 1 equ j.pir.cn t c o s t  . ', 

From t h e  c i p c r a t i c ~ n a l  a!id iiiaintciiance p o i n t  of view, t h e  r e c y c l e ,  
system S('Cii!s t o  b r  the e a s i e s t  wlii1.e t h e  hnat  e x t r a c t i o n  s y s t c n  ,seeins 
to be most d i f f i c u l t  t o  coiitro!. 

T h e  e f i c sc r s  of  tc,;,!pc:r;itt!t-c l l r ~ ! s ~ ; ~ ~ ~ - c ~  011 t l i c :  opt iz iJ i : i  design of ' I 

tlrr: prcccss  z r c  c i  i scus,:c-;!. 'i'lic sy>: i  L ' T  ~p>rcti:!i.t(:r~ vllicli a f  f c d t  tlic 
optii::ur.; d c h j r i i  o:  t l i c :  1iror:t::;: .?re jcienti fjed 
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1. INTRODUCTION 

i 

The g a s i f i c a t i o n  of c o a l  t o  produce ne thanc  as a s u b s t i t u t e  f o r  
a supplement t o  p i p e l i n e  n a t u r a l  g a s  i s  c u r r e n t l y  bejng e x t e n s i v e l y  
s tud ied  under t h e  sponsorsh ip  of t h e  O f f i c e  of Coal Research, 
Department of t h e  I n t e r i o r .  

Although a v a r i e t y  of r o u t e s  and s e v e r a l  raw m a t e r i a l s  are being 
i n v e s t i g a t e d ,  i t  appears  t h a t  any system f o r  g a s i f i c a t i o n  of c o a l  w i l l  
r e q u i r e  a d d i t i o n a l  u n i t s  f o r  convers ion  of excess  carbon monoxide and 
hydrogen t o  methane t o  ach ieve  h e a t i n g  v a l u e  equ iva len t  t o  n a t u r a l  gas .  

The magnitude of methanation w i l l  vary  cons ide rab ly ,  depending 
on t h e  undecided cho ice  of t h e  p rocess  i n  t h e  primary g a s i f i c a t i o n  
phases.  The degree  of methanation may va ry  from a major o p e r a t i o n  
invo lv ing  convers ion  of t h e  feed  gas  con ta in ing  a minor amount of 

1 methane t o  s imple  gas  composition clean-up. 

S ince  i t  i s  p r e s e n t l y  imposs ib le  t o  p r e d i c t  t h e  exac t  composition 1 
of t h e  gaseous e f f l u e n t  from t h e  v a r i o u s  primary c o a l  g a s i f i c a t i o n  
p rocesses ,  t h e  composi t ions  of t h e  t h r e e  d i f f e r e n t  f e e d s  as  l i s t e d  
in Table  1-1 w i l l  be cons idered  a s  approximate gas  mix tu res .  

I 

Although CO concen t r a t ion  a s  h i g h  a s  25% can be  cons ide red ,  
l ack ing  a c t u a l  exper imenta l  r e a c t i o n  r a t e  d a t a  a t  such a h igh  CO 
concen t r a t ion  l e v e l ,  i t  is no t  p o s s i b l e  t o  make a r easonab le  assessment 
of t h e  p rocess  f o r  t h i s  ca se .  Bes ides ,  f o r  such a high CO concen t r a t ion  
f e e d ,  r e c y c l e  system i s  more than l i k e l y  t o  b e  used f o r  excess  h e a t  
removal, some methane w i l l  b e  p re sen t  a t  t h e  r e a c t o r  en t r ance .  The 
gas  compositions l i s t e d  i n  T a b l e  1-1 may r e s u l t  from t h e  primary g a s i -  
f i c a t i o n  phases  now under i n v e s t i g a t i o n  a f t e r  t h e  ad jus tment  of t h e  
composition by t h e  water-gas s h i f t  r e a c t i o n  and p u r i f i c a t i o n  is made. 

I 

Since  t h e  methanat ion  r e a c t i o n  i s  a h i g h l y  exothermic r e a c t i o n ,  
t h e  h e a t  removal from t h e  r e a c t i n g  g a s  becomes t h e  major problem 

I in economic op t imiza t ion .  Seve ra l  t ypes  of methanation r e a c t o r s ,  
I such a s  f i x e d  beds  and f l u i d i z e d  beds ,  have been t e s t e d  on p i l o t  p l a n t  

I F lu id i zed  bed o p e r a t i o n  is found t o  be d i f f i c u l t  because  of 

s c a l e .  

I 

t e c h n i c a l  problems involved .  P a r t i c l e  e l u t r i c - t i o n  caused by the  
breaking  of c a t a l y s t  p e l l e t s  may become seve re .  I.ack of ruggedness 
of t h e  c a t a l y s t  and t h e  u n a v a i l a b i l i t y  of sma l l  p a r t i c l e  s i z e s  
prevenLs good f l u i d i z a t i o n  of c a t a l y s t s .  The re fo re ,  t h r e e  types  
of f i x e d  bed downilow c a t a l y t i c  r e a c t o r s  a r e  cons ide red .  They a r e :  

\ 

t i \  
, 

1. The h e a t  e x t r a c t i o n  system. 
2 .  The co ld  quench system. 
3 .  The r e c y c l e  system. 
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A. 350 B.t.u./SCF Gas 

Low CO Case 

Fccd Cas Product  Gas 
[ 1b,rnole/hr.] [mole :! ] [lb.mole/hr.) [mole%] ( d r y  hasc) 

-- ----=-- -.-.- - ---=w- .----- 

23,962. a 75.500 25,355.1 92.109 
1,419.9 4.474 27 ..5 0.100 

C"4 

1'2 
co2 
H 2 0  

T o t a l  31,738.8 100.0 28,954.1 100.0 
N2 

CO 
5,594. ft 17.626 1,417.4 5.145 

63.5 0.200 63.5 0.231 
31.7 0.100 1,424.1 0.000 

666.5 2.100 666.5 2.421 

I n t e r m e d i a t e  CO Case - - 
Feed Gas Product  Gas 

[ Ib.rnolc/lir. ] (mole%] [ lb .mole/hr . )  [moleI] ( d r y  base) 

(314 21,378.8 62.100 24,115.0 92.100 

9,562.3 27.776 1,353.8 5.179 
68.9 0.200 68.9 0.263 

619.7 1.800 619.7 2.367 

co 2,762.4 8.024 26.1 0.100 
H2 

34.4 0.100 2,770.6 0.000 
co2 
H 2 0  
N2 

34,426.5 100.0 28,954.1 100.0 T o t a l  

High CO Case 

Fecd Gas Product  Gas 
[ lb .Eole /hr .  J [mole% J !Ib.mole/hr.] [moleS] (dry basc) 

r - -  ._I-. A- -------:- ------- _-- 
~114 l G ,  137.5 41.400 21,724.3 92.100 
co 5,359.3 13.508 23.6 0.100 

1 7 ,  107.2 43.192 1,126.9 4.777 
118.8 0,300 llU.8 0.504 

1'2 

39.6 0.100 5,366.b 0.000 
CQ2 
1120 
N2 594.1 1. so0 594.1 2.519 
T o t a l  33,607.5 100.0 28,954.1 100.0 

i 

1 
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1:. 900 I I . t . I I . /SCI :  cos  

Intcrniedinte C.0 Case --- -- ..-- 

Feed Cas P r o d u c t  Gas 
[ 1L .mol e /hr  . 1 [ ~ I I O I C I  J [ I b . n o l c / h r . ]  [mole%] ( d r y  base) 

Cl!4 22,004.3 62,100 24,43Q, R 87,000 

112 10,221.7 28.847 2.91 5 .2  10.377 
CO 2,46 3.6 6.953 28.1 0.100 

CO2 70.9 0.209 70.3 0.252 
1120 35.4 0.100 2,470.0 0.090 

Total  35,433.7 100.0 39,562.7 100 a 0 
.' 7. 637.8 1,800 637, S 2 . 2 7 1  
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The d i s t i n g u i s h i n g  f e a t u r e s  among t h e  t h r e e  system are t h e  manners 
by whicli l ieat  i s  rcmoved and the  teiiipcrnture i s  c o n t r o l l e d  i n  t h e  r e a c t o r s  

The goa l  of t h i s  s t u d y  i s  t o  economical ly  e v a l u a t e  t h e i r  r e l a t i v e  
t e c h n i c a l  iocrits f o r  p r o s p e c t i v e  a p p l i c a t i o n  ir .  c o a l  g a s i f  icaCion 
p r o c e s s e s .  To acliievc t h i s ,  i t  will r e q u i r e  a l l  t h r e e  r e a c t o r  systems 
b e i n g  ana ly icd  from b o t h  t h e  t e c h n i c a l  and econniiiic p o i n t s  of view. 
Each coi,lpoficiit in for innt ion  must bc i n t c s r a t c d  by programming i t  i n t o  t h e  
computer f o r  s i n u l n t i o n .  F i n a l l y ,  optiriuv c o n d i t i o n s  must be searched  by 
a n  a p p r o p r i a t e  t e c h n i q u e  t o  a r r i v e  a t  t h e  b e s t  economic process  and d e s i g n .  

The fo l lowing  s p e c i f i c a t i o n s  and b a s e s  a r e  chosen i n  t h i s  s t u d y .  

9 1. 

2. 

P roduc t ion  r a t e  is 250 x 1 0  

The product  g a s  should have a h e a t i n g  v a l u e  of approximately 
950 B.t.u./S.C.F. or t h e  product  gas should c o n t a i n  
approximate ly  92.1% methane on a d r y  base .  I n  a d d i t i o n ,  
t h e  c o n c e n t r a t i o n  of CO must be less than  0.1%. Product  
gas w i t h  h e a t i n g  v a l u e  of 900 B.t.u./S.C.F. i s  a l so  
cons idered .  

B.t.u./day of p i p e l i n e  g a s .  

3 .  Three d i f f e r e n t  f e e d s ;  low CO case, i n t e r m e d i a t e  CO case 
and h i g h  CO case, are cons idered .  The tempera ture  of t h e  
f e e d  g a s  is f i x e d  a t  100°F f o r  comparison. However, t h e  
e f f e c t  of f e e d  g a s  tempera ture  w i l l  be  d i s c u s s e d .  The 
p r e s s u r e  of  t h e  feed  gas  i s  v a r i e d  up t o  1 0 6 5 ~ p s i a .  

The composi t ions  of f e e d  g a s e s  and corresponding product  
gases are  l i s t e d  i n  Table  1-1. I n  a d d i t i o n ,  t h e  feed  
gas c o n t a i n i n g  20X CO i s  a l s o  d i s c u s s e d .  

4 .  

Since  i t  i s  p r e s e n t l y  imposs ib le  t o  e s t i v a t e  t h e  costs  of t h e  
various f e e d  gases  which depend l a r g e l y  on t h e  primary g a s i f i c a t i o n  
p h a s e s ,  on ly  t h e  cquiprient costs are cons idered .  However, i n  t h e  
o p t i m i z a t i o n  s t u d y  of h e a t  exchangers ,  i n  a d d i t i o n  t o  equipment c o s t ,  
c o o l a n i  vater c o s t  and steam b e n e f i t  are a l s o  cons idered .  

Af:er q t i m i z a t i o n  of t h e  sub-systcm which i n v o l v e s  t h e  pr imary 
g a s i f i c a t i o n  phases ,  p u r i f i c a t i o n  phases  and o t h e r  necessary  phases  
I n c l u d i n g  methanat ion phases  has been completed, t h e  o v e r a l l  p l a n t  
o p t i m i z a t i o n  w i l l  be  performed. Costs n o t  inc luded  i n  t h e  methanat ion 
s t u d y  w i l l  then be taken i n t o  c o s s i d c r z t i c n  5:: t h e  overall p l a n t  
o p t i m i z a t i o n  s t u d y .  However, t h e  o p t i m i z a t i o n  based on t h e  equipncnt  I 

costs a l o n c  a t  t h i s  s t a g e  should b e  s u f f i c i e n t  t o  p r o v i d e  necessary  
i n f o r m a t i o n  f o r  t h e  s e l e c t i o n  of t h c  b e s t  s y s ~ c n  among t h o s e  cons idered  
f o r  methanat ion.  

I 

r 
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2 .  REACTION. K I N E T I C S  ' 

(1) React ion  Rate Express jons  f o r  Nethanat ion  React ion 

The r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  methanat ion p r o c e s s  a r e :  

1. ?Icthana t i  on Kcact ions  : 

CO + 3H2 = CH4 + H 2 0  

C02+ 41l2 = CH4 + 2H20 

2CO;t 2H2 = CH4 + C 0 2  

2 .  \cater-Gas S h i f t  Reac t ion :  

CO + H20 = C 0 2  + H2 

3 .  Carbon Depos i t i on  Reaction's: 

2co = c + CO2 

CO + H g  = C + H20 

CH4 = C + 2H2 ( 2 - 7 )  

Although r e a c t i o n s  ( 2 - l ) ,  ( 2 - 2 ) ,  (3-3) and ( 2 - 4 )  nust t a k e  p l a c e  t o  
a l a r g e r  o r  smaller exLent r e g a r d l e s s  of t h e  feed  composi t jons enployed, 
f o r  a high hydrozcn c o n c e n t r a t i o n  f e e d ,  on ly  a small  amount of C02 
has becn d e t e c t o d  e \per imenta l ly  [ I ] .  T h e r e f o r e ,  r e a c t i o n s  ( 2 - 2 ) ,  
(2-3) and ( 2 - 4 )  ' l ay  be regarded as secondary r e a c t i o n s .  

Because carbon d e p o s i t i o n  reduces  t h e  c a t a l . y s t  a c t i v i t y  d r a s t i c a l l y ,  
i t  is. impera t ive  t h a t  a range of tempera ture ,  p r e s s u r e  and feed  
co1:ipositions w i t h i n  which no .carbon d e p o s i t i o n  t a k e s  p l a c e  must b e  
found.  Thcse c o n d i t i o n s  will become t h e  c o n s t r a i n t s  i n  t h e  o p t i m i z a t i o n  
o f .  t h e  processes .  

A number of ca t a lys t s  have been i n v e s t i g a t e d  f o r  methanat ion  
r e a c t i o n s .  T h e  b e s t  c a t a l y s t  f o r  which k i n e t i c  d a t a  are a v a i l a b l e  
S C C ~ S  t o  h e  Harshnw Xi-0104 T and Harsliaw Ni-9116 T having a n  average  
particle iiameter of 1 / 4  inch  and 1/8 i n c h ,  r e s p e c t i v e l y .  
c o n t a i n s  59;: K i ,  i t  has been shown t h a t  t h e  c a t a l y s t  behaves s a t i s f a c t o r i l y  
i n  t h e  te:.;pei-attire range  frn:;i 5 5 0 ° F  t o  850°F and the  prcssiirc range  
from 1 4 . 7  to I O n n ,  psi.a v.ri thot:~ any carbon d e p o s i t i o n  [ 1 5 ] .  

T h i s  c a t a l y s t  

A q u a n t i . t n t i v c  k i n e t i c  r a t e  e s p r c s s i o n  of t h e  iiicehan.?tion r e a c t i o n  on 
tlie llarsiiav c.atall;sL i.s v e r y  d i f f i c u l t  t o  o b t a i n  because Extens ive  
a c c u r a t e  kin?:  i c  d a t a  a r c  not  a v a i l a b l e .  T h c r c f o r e ,  i t  i s  necessary  
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t o  s impl i fy  t h e  r e x t i o n  ii:ccliaiiism t o  cqns ide r  on1.y r e a c t i o n  (2-1) .  , . . .  
The csperis ie i i ta l  d a t a  obta ined  f r o a  I.G.T. [15]  using Harsl!aw c a t a l y s t s  , . ' , 

can be c o r r c l a t e d  by t1.70 ci:ipirical equat.ioiis, onc f o r  the tei;iperature 
range  e t  550 t o  600°F i.;liercl r e a c t l o n  I - a t c  i s  control.1ing and another  
equa t ion  f o r  t m p e r a t u r e  range  of 600 t o  850°F wliere d i f f u s i o n  i s  tli? 
r a t e  cont ro l . l ing  f a c t o r .  

The e m p i r i c a l  r a t e  equat ions  obta ined  a r e :  

1. For tempera ture  between 550°F and 600'F: 

r = 120 exp [ -  15,660 , po,7 p0.3 
C l i 4  R(T+460> co H2 

2. For tempera tures  between 600°F and 850°F: 

r = 0.0696 P;O7 
CH4 H 2  

(2-8) 

These equa t ions  a r e  adequate  f o r  t h e  p r e s e n t  op t imiza t ion  purpose i n  
g e t t i n g  a r easonab ly  a c c u r a t e  assessment of t h e  v a r i o u s  processes  and 
subsequent s tudy  shows t h a t  t h e  o v e r a l l  optinium c o s t  of t he  r e a c t o r  
systen! i s  not  v e r y  s t r o n g l y  a f f e c t e d  by t h e  k i n e t i c  cxpres s s ions .  

(2)  Approach t o  Equi l ibr ium 

Although t h e  above k i n e t i c  expres s ions  were obta ined  from the  
exper imenta l  r a t e  da ta  of t h e  methane fo rn ing  r e a c t i o n s  on  t h e  Harshav 
c a t a l y s t  i nc lud ing  t h e  runs under equ i l ib r ium hindrance ,  t h e  equat ions  
do n o t  p rov ide  the r e v e r s e  r e a c t i o n  term. 
t o  a s s u r e  t h a t  t h e  r a t e  equat ions  are not app l i ed  t o  cor .d i t ions  too 
c lose  to the e q u i l i b r i u m .  

I t  would then  be necessary  

The equ i l ib r ium cons tan t  based on mole f r a c t i o n  f o r  t h e  niethanaLion 
r e a c t i o n  expressed  as 

(2-10) 

and computed from t h e  va lues  g iven  by the  Bureau of Standards [ 1 4 ] ,  i s  
p l o t t e d  i n  F i n u r e  2-1 with  t h e  ope ra t ing  p r e s j u r e  a s  t h e  parameter ,  
Here, x; r e f e r s  t o  t h e  equ i l ib r ium r o l e  f r a c t i o n  of each component. 
As slioun i n  the f i g u r e  the  equ i l ib r ium c o n s t a n i ,  1: ..., i s  a f f e c t e d  by the 

p re s su re  and v e r y  s t r o n g l y  by t hc  ternpcrature.  The equ i l ib r ium c o n s t a n t  
f o r  t h e  water  g a s  s h i f t  r c a c t i o n  expressed a s  

X: 
I 

i 
/ 
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I\ 

a 
(2-11) 

is a l s o  c a l c u l a t e d  fror i  t h e  Ih reau  of Standards [14] and i s  p l o t t e d  i n  
F igu re  2-1. The e x t e n t  of approach t o  t h e  equ i l ib r ium f o r  t h e  methane 
r e a c t i o n  can be  eva lua ted  by coixputing t h e  mass a c t i o n  law r a t i o  of 
t h e  produrc [ : n s c s ,  K de f ined  as  

x. ' 

(2-12) 

I x's are t h e  mole f r a c t i o n  of each component p r e s e n t  i n  t h e  r e a c t o r .  
1 I t  i s  decided a r b i t r a r i l y  t o  ma in ta in  Kx < Kx"/10 a t  a l l  time t o  

1 1 
a s s u r e  t h e  n e g l i g i b l e  r e v e r s e  r e a c t i o n .  Wenever  t h e  above c r i t e r i o n  
I s  exceeded i n  t h e  r e a c t o r ,  t h e  temperature  of t h e  r e a c t o r  i s  lowered 
t o  t h e  p o i n t  where t h e  above c o n d i t i o n  i s  a g a i n  s a t i s f i e d .  Such 
p rov i s ion  i s  necessary f o r  t h e  h igh  C O  case p a r t i c u l a r l y  near  t h e  e x i t  
of t h e  r e a c t o r .  

(3)  

t 
I 
I 

Xass and Heat T r a n s f e r  kJ i th in  C a t a l y s t  Bed 

S ince  t h e  methanat ion r e a c t i o n  i s  h i g h l y  exothermic and q u i t e  
I 

r a p i d ,  i t  w i l l  b e  necessa ry  t o  examine t h e  p o s s i b l e  temperature  and 
concen t r a t ion  d i f f e r e n c e  between t h e  b u l k  phase of r e a c t i n g  g a s  and 

phase and t h e  c a t a l y s t  s u r f a c e  can be  approximated by 
I t h e  s u r f a c e  of t h e  c a t a l y s t .  Temperature d i f f e r e n c e  between t h e  b u l k  
I 

Vhen p a r t i c l e - f l u i d  r ad iaL ion  may b e  nee]-ected,  h can b e  c a l c v l a t e d  
P by [ I 7 1  

(2-13) 

A maximum t c n p e r a t u r e  d i f f e r e n c e  (T - Tb) can be c a l c u l a t e d  when 
max 

t h e  maxiinuin r e a c t i n n  r a t e  i s  used .  !glen t h e  tcinperature d i f f e r e n c e  
i s  too  g r e a t ,  many undcsj  r a b l e  phei:ocier.a ii!,?) takc: p l a c e .  A niinjiiium 
mass flow r a t e  corre::pcnding t o  an a1  lova!ile te-!pcratiire d i - f f e rence  
e x i s t s  f o r  a g jvcc  I-cact ion r n t c .  Th i s  becories onc of t h e  c o n s t r a i n t s  
i n  tllc I-,'-:r tp: '  opti;:;i z.7 t j o i ~ .  Espci-inci?tal  n ieasurc  I: of t en ,pera ture  

c on t h e  Hnl - r . i i - .~ .~  caL.alyst c:.rricd o u t  by . ' r .  [].SI i n d i c a t e s  
tc:.:pcraturt, : ' i f fe rence  o O F  f o r  the i i i re r -  

0 c a s e  u n t 1 c r  i.u::pleti. n i i s  

As t h e  r c a ? t i o i i  i s  q1ij.t.c c:.:othci.;;'j.r., i t  is a l s o  nccc-sssry t o  check 
t h e  tc::.:pcratiirr. gr;:d:!:nt j i i  t h e  catc1:;st p a r t i c l c s .  If tlie r c a r t i o n  
t a k e s  p1nc . t  uii jrorxl: :  i r ,  t h c  c:!talyst  p a r t i c l . ~ ,  ~ l i c  h c a t  h n l ~ n c c :  e.o,uaLion 
i n  tiic cat::ilys? c ~ ! i  be  w r i t t e n  as 
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(2-1.5) 

u h c r e  ke, tiic r f  i e c t i v e  thermal  c o n d u c t i v i t y  of t h e  ca t a lys t  p a r t i c l e s ,  
is cxpresscd as 

Using t h c  proper boundary c o n d i t i o n s ,  Eqiiation (?-15) can  b e  so lved  
f o r  t h e  tenpera t t i re  w i t h i n  t h e  c a t a l y s t  p e l l e t  as,  

(2-17) 

Numer ica  1 ca 1 c u l a  t i o n  shows the l a r g e s t  temp '?ra t u r  e d i f f e r e n c e  
i n  t h e  catalysts p a r t i c l e  t o  b e  about  30'F. 

The c o n c e n t r a t i o n  d i f f e r e n c e  between t h e  bulk  phase and a t  t h e  
s u r f a c e  of c a t a l y s t  p e l l e t s  c a n  b e  e s t i m a t e d  by - 

(2-18) 

where kf i s  t h e  f l u i d - p a r t i c l e  mass t r a i i s f e r  c o e f f i c i e n t  i n  a packed 
bed and i s  cmputcd  by [SI 

-0.41 
= 1.40 [ -- dPG ] (2-19) JM 

(l--C)0.2 Il(l--E) 

Humerical c a l c u l a t i o n s  show no a p p r e c i a b l e  d i f  f c r e n c e  brtween t h e  ca ta lys t  
s u r f a c e  c o n c e n t r a t i o n s  and t h e  bulk  g a s  c o n c e n t r a t i o n  of each con.ponent. 

p 
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3. KE:\CTOK PI:RFOIL\b\\NCE 1;QU~i'XIONS 

Flow behavior  i n  a f i x e d  bed u s u a l l y  can be rep,r'cscnl:etl e i t h v -  
by t h c  d i s p e r s i o n  i:;rdeI or  by tlic c e 1 . l ~ - i n - s e r i r s  1:1odel . 

. .  

The f o l l o v r i n ~  r . ia t~r jz1.  balance e q u a t i o n s  i r e  obtajned around 
the n-tli c e l l  bascd on t h e  c e l l s - i n - s e r i e s  niodcl: 

The h e a t  ba l ance  equa t ions  around t h e  n-th c e l l  can be obtained 
s i i i i l a r l y  as 

6 6 
T" E c;i F: - T " - ~  I: c;-l ~ r - l  = (111;) pc vn c r - Q~ (3-7) 

i=l i=l i 

The h e a t  of r e a c t i o n ,  A H ,  i s  i n  B. t .u .  p e r  pound mole of CH4 formed and 
i s  g iven  as 

2 
AH = 87787.8 + 11.87 T" - 0.00668 (T") (3-8) 

The  p r e s s u r e  d rop  a c r o s s  t h e  n-th c e l l  can  be computed based 
on Ergun's e q u a t i o n  [6]: 

Ap = 
1 5 0 ( 1 - ~ ) ( - c )  + 1.75 

(3-9) d,G 
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( 1 )  In i!ic:tliG?iiztioii p roccsscs ,  h c n t  escli::n:;ers a r c  r equ i r ed  t o  
prehea t  t he .  f e ~ J  g a s ,  t o  cool tiic prodiict g a s  and t o  coo l  t h e  i n t e r -  
i:iediztc p rodu2 t  i n  t h e  c a s e  0.f the co ld  qiicncli s y s t c a .  

T h e  folloi.!j.ng equ.?tion . is tised t o  csti! i iste t ! ? ~  hea t  exc!:nngcr 
c o s t  based on tile r equ i r ed  heat t r a n s f e r  a r e a ,  A. ( s q . f t . )  [12 ] :  

A 0.56  

5 0  El, = C y  If [850 (-2;) I ,  A > 1,000 f t 2  ( 4 - 1 )  

( 2 )  I n  the h e a t  e x t r a c t i o n  systein, h e a t  genera ted  i n  t h e  r e a c t o r  
m u s t  be removed i n t e r n a l l y .  The f i n  tubes  may be used e f f e c t i v e l y  
f o r  t h i s  purpose  by  embedding tlien i n t o  the  c a t a l y s t .  The c o s t  of 
f i n - tubes  based on t h e  ba re  tube  hea t  t r a i i s f e r  a r e a ,  A b ( s q . f t . ) ,  , 

used  i n  t he  co:iipiitation i s  given as  [ 1 2 1  , 

2 Ab 0.88 
EF = C If [ 3 5 0  (---) I ,  A b  > 1,360 f t  , 

Y 60 (4-2) 

( 3 )  The c o s t  of the I!ars:ia\. c a t a l y s t s  uscd riay be e x p r e s s e d  as  [5 ]  

E = 2.5 \< . ( 4 - 3 )  C C 

( 4 )  The & t i r a t e d  c o s t  of high p r e s s u r e  r e a c t o r  shel.1 i s  based on 
t h e  weight of an e-li>ty r e a c t o r .  The thj.cliness of t h e  r e a c t o r  w a l l ,  
TI, ( inchcs)  , i s  c a l c u l a t e d  bn.sc% on ASXI? b o i l e r  and p res su re  v e s s e l  
code s e c t i o n  S [ 2 ]  g iven  a s ,  

The t o p  and t h e  bottom of t h e  r e a c t o r  a r e  c a l c u l a t e d  based on an 
equ iva len t  f1.a t b l ank  diancatc!r necessary t o  form the requ i r ed  dome. 

The weight of t h e  r e a c t o r ,  I?&, is then computed by 

(4-4 1 

(4-5) 

(6-6) 

(4-7) 
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I 

I 

I 

t 
i 

For a chronic-type tray! 
3.13 

E = 0.216 I f  (U t 5 )  
S 

Tlic t o t a l  t r a y  c o s t  i s  

(4-9) 

(6) The c o s t  of a c o n t ~ o l  v a l v e  can vary  widely depending on t h e  
sizes Fnd is i n t h c r  d i f f i c u l t  t o  e s t i m a t e .  A n  average  of $4,000 per  
v a l v e  is iised i n  t h i s  e s t i m a t i o n .  

(7)  S i n t c  the  hea t  i n s u l a t i o n  c o s t  of t h e  r e a c t o r  i s  r a t h e r  smal l ,  
an approxir ia te  c n s ~  of +.5% of t h e  t o t a l  f i x e d  c o s t  i s  added a s  the  
i n s u l a t i o n  c o s t  [ 3 ] .  

(8) Compressors a r e  needed f o r  cohlpressing t h e  feed pas or  product  gas if 
n e c e s s a r y ,  and f o r  r e c y c l i n g  t h e  product  g a s .  The fo l lowing  e q u a t i o n s  
are  used t o  estimate t h e  brahe  h o r s e  power [ l l ]  

0.0643 q Pb 

a 
- 11 %= T a  

520 EQ 
(4-.lo) 

The feed  coinpressor c o s t  can be computed by [ 4 ]  

0 . 8 1  
E = 696 (8 )  (4-11) 
CP 

The c o s t  of r e c y c l e  compressor may b e  determined u s i n g  t h e  fo l lowing  
equat ions :  

’ (TN)(0.0643) qr  17 
[(--I - 11  (4-12) 
PN 520 Eri C r  = - 

and 0.81 
ECR = 638 ( B r )  (4-13) 

(9)  Pumps a r e  r c q u i r e d  to  de1ivc.r tlic water c o o l a n t .  The fo l lowing  
e q u a t i o n s  a r e  used t o  estimate puil’p c o s t ?  [ 4 ,  111 

For s t c i  I -  ntlt r i i - p ,  

and 

q ’  0 P.!l 
Ep -.-> .. 

2 4 6 ,  ROO! 

0 . 4 6 7  
E = 684 ( i . p )  

F 

(4-14) 

(4-1 5) 
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g a l l o n  and $0.05 per thousand &a l lon ,  r e s p e c t i v e l y .  The p r i c e s  for i 
400 ps ia  s t e m  and 35 p s i a  Steaiii produced i n  t h e  hca t  cxchangcrs  are 
$0.30 p e r  thousand.pound and $0.15 pcr thousand pound, r e s p e c t i v e l y .  
The annual  c a p i t a l i z a t i o n  charge f o r  t h e  equi.prnents are  calcnl .a ted at 
13% o f ' t h c  i n i t i a l  c o s t  p e r  y e a r ,  as recomended by t h e  O f f i c e  of 
Coal Research,  Department of t h e  I n t e r i o r .  
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5. PROCESS OF'l'I?lIZhTIO:\' OF I lCAT EXCIiAWGIXS 

Since  (i large a,.iount of heat i s  r e l eased  i n  t h e  n:rthniiaticin 
r e a c t i o n ,  hw.1 rcinov21 from r e a c t o r s  and product  gases  becoiae tlie 
i:iajor problc..,i i n  tile o p t i i r i z a t i o a  s tudy .  Three d i f f e r e n t  t ypes  of 
h e a t  c :.chlr.gcrs a r c  requi red  i n  t h e  nieth.umtion p rocess ,  na:rely tlie 
p r e h e a t e r ,  the proJuc t  g a s  c o o l e r  and the  in t e rmcd ia t c  c o o l e r .  I n  
t h i s  s e c t i o n ,  a process op t j in i za t ion  of t h e s e  h e a t  exchangcrs is d i scussed  

(1)  Prehca tcr  

The f e e d  g a s  m u s t  b e  prehea ted  t o  a tempera ture  above t h e  r e a c t i o n  
i n i t i a t i o n  te;;.pcrature. 
exchanging h e a t  betileen t h e  product  gas and t h e  feed  gas .  

The t o t a l  annual c o s t  f o r  t h e  pre l iea te r  can be  r ep resen ted  by 

The feed  gas  p rehea t ing  is accomplished by 

t h e  fo l lowing  equa t ion  [13] 

1 

P 

I 

I 

I 

i 

I 
i 
I 

! 

I 

! 

I 

I 
I 
I 
k 

11 

I. 

'i 

CT = AoKFCAo + AoEillyCi + AoEoHyCo (5-1) 

The a rea  f o r  h e a t  t r a n s f e r ,  A,, is a f u n c t i o n  of hi, ho and A t m  
as g iven  by t h e  f o l l o v i n g  equa t ion  

Thus Equation (5-2) may be w r i t t e n  i n  terms of hi, ho and A. as, 

(5-3) 
3.5 4.75 

G = A,KFCA~ + A,"ihi H y C i  + AoUoho HyCo 

where c(. and a r e  t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  which depend on 
designiBg cond4tion and f l u i d  p r o p e r t i e s .  

Applying t h e  "Lagrange m u l t i p l i e r  method, Fquat iop  (5-3) becomes 

3.5 4.75 FTn t D 
:{ C + A '  [-- -m - L(--e- + 1.- + R ) ] (5-4) 

dw 
ho. 

Y O  q A. 1Jihi G = AoKFCAo+AoOihi 11 C .  +Aofioho Y l  

where A '  is  t h e  Lagrange a u l t i p l i e r .  A conipL:er program of Equation (5-4) 
is  a l r eady  a v a i l a b l e  [ 9 ] .  From t h i s  conpi i ta t ion  t h e  opLin?un o v e r a l l  
hea t  t r a n s f e r  c o e f f i c i e n t  i s  found t o  be about  70 E . t . u . / f t . *h r . 'F .  
This  va lue  is used i n  t h e  subsequent des ign  c a l c u l a t i o n  of t h c  p r e h c a t e r s  
a s s o c i a t e d  wi th  t h e  v a r i o u s  tacthanation p rocesses .  

(2) Product Cas Cooler 

A f t e r  f lowing thrcugh t h e  p r r ' nca t e r  , t h c  product g a s  is cooled  
t o  100°F by t h r e e  h e a t  exchsiigers.  
p rchca te r  has the  tc-i-peralure rangin:, b tween 400°F and 750°F. 

T h e  e x i t  product gas f r o n  t h e  
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400 ps ia  stor!l:i i.: produced i n  tlic f i r s t  lieat e::cli;in,:cr r;.hi.Io s tea?:  o f  n!xui! 
35 ps ia  is p r c ~ ~ l ~ i c c d  i n  tlic sccond hea t  cxchnnger. The product g;is 
coo le r  i s  .fin21 !y cooled do\.:i> t o  190°F by tlic countzr-curront  product 
g a s  coo le r .  The coo lan t  \!ater c:ntcrs a t  a tfllipci-a.ttrre of 6S°F.aiid ' 

l envcs  a t  l .5Oo1. I f  tlle i n l e t  g m  tenipcraturc t o  tlic f i r s t  h e a t  es- 
c.linnzer is bclo:: 500°F, on ly  t r o  l ieat  txchanyers  a r e  req i i i r rd .  

In t h e  f i r s t  lieat exchanger,  t r e a t e d  \53tcr e n t e r s  t h e  tube  s i d e .  
Approxii:iatcly 50% of t h e  wnter ci;tcrcd i s  vaporized producjng h igh  
, .r , .CC..C* ..# .---. Tlic ---i..-.- - - -  y .  C * * " L  c 0 LC:',,., . ~ ' u L ~ L ~ L  L ;;as f lovs  $11 tile shc i i  s i d e  providing 
t h e  iciain h c n t  t r a n s f e r  r e s i s p n c c !  o f ,  t h i s  exclinriger. 
f i l n  c o e f f i c i e n t  can be c a l c u l a t e d  by 

T h e  s h e l l  s i d e  

u 
Pressure d rop  f o r  s h e l l  s i d e  f l u i d  i s  c a l c u l a t e d  by thp  fol lowing 
equa t ion  [IO] m 

fCLD I, s s H 

5.22~101~D_sH' 
A ps T ---___ 

(5-5) 

(5-6) 

and c 

D,GS -0.189 
(5-7) 

I f  tlie coribined p r e s s u r e  drop of t h e  t h r e e  product  g a s  c u o l e r s  
is l imi t ed  t o  10 p s i a 2  t h e  cor re . sponding  ntaxirmiii mass v e l o q i t y  is 
about  . 1 0 0 , 0 0 0 . l b . / f t .  h r .  The s h e l l  side fillii h e a t  t r a n s f e  c o e f f i c i e n t  
corresponding to t h i s  mass v e l o c i t y  i s  about  110 B . t . u . / f t .  5 . .  hi . 'F.  

becomes approxiiCately 85 B . t . u . / f t . ,  9 .  hr. 'F. 

S ince  two phases  e x i s t  in t ube  s i d e ,  t h e  i n s i d e  tube  f i l m  h e a t  
t r a n s f e r  c o e f f i c i c n t , m y  va ry  froni 200 to 1000 B . t . u . / f t . * 'Fh r .  
T h e  overa l l .  h e a t  t r a n s f e r  coe f f j . c i e  t of t h e  f i r s t  hea t  exchanger then  

S imi l a r  t o  t h e  p rev ious  case  t r e a t e d ,  water i.s introduced i n t o  
tlie second h c s t  exchanger wi th  502 of water  being vaporized i n  t h e  tube  
s i d e .  T h e  p roduc t  g a s  i s  passed through t h e  she l l  si.de vhich aga in  
p rov ides  t h e  inain h e a t  t r a n s f e r  r e s i s t a n c e  of t h i s  exchanger.  However, 
when t h e  tei;perat.ure of t h e  prodlict g a s  i s  reduced below 370°F, p a r t i a l  
condensat ion of t l ie  water t akes  p l a c e  i n  t h e  s h e l l  s i d e .  
of 'condcnsati .on depends upon ' t h e  p a r t i a l  p r e s s u r e  of water  in t h e  
product g a s .  

The q u a n t i t y  

Heat f1.u;: ~ccoi::panictl h y  stcam contlensatjon i.s c:spressccl a s  
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The t o t a l  h e a t  f l u x  is a sun cf tiic hcat f l u x  due L O  noa-condensing 
vapor and t h e  h e a t  f l u s  accomsanicc! by  t h e  condensa t ion .  Hence, 

qT = ho(Tg - Tc) + K$~~c(l'v - P ) = Ilc(T - Tc) (5-10) 
6 

C a l c u l a t i o n s  u s i n g  Equat ions  (5-5) and (5-10) g i v e  t h e  range  of t h e  
s h e l l  s i d e  f i l m  h a t  t r a n s f e r  c o e f f i c i e n t  t o  be  between 110 and 
210 B. t . u . / h r . f t . 5a f  under an  a l lowab le  combined p r e s s u r e  drop  of IO, p s i .  

The tube  s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  is p r a c t i c a l l y  t h e  
same as t h a t  f o r  t h e  f i r s t  h e a t  exchanger.  The o v e r a l l  h e a t  t r a n s f c r  
c o e f f i c i e n t  of t h e  second h e a t  exchanger then beconies approxiniately 
90 8.  t .u. / f  t . 2 h r .  OF. 

I n  t h e  t h i r d  h z a t  exchanger,  p r o c e s s  water  i s  u s e J  i n  t h e  tube  
s i d e  and product  gas i s  passed through t h e  s h e l l  s i d e .  Using Equations(5-5) 
and (5-lo), t h e  f i l m  c o e f f i c i e n t  of s h e l l  side f l u i d ,  which is a l s o  
a f f e c t e d  by t h e  p a r t i a l  condensa t ion  of water ,  is c a l c u l a t e d  t o  be 
between 110 t o  150 E. t .u . /h r . f t .*OF under t h e  a l l o v a b l e  p r e s s u r e  drop .  
The tube  s i d e  heat t r a n s f e r  c o e f f i c i e n t  i s  ahout 250 -300  E . C . ~ i . / h r . f t . ~ ~ F  
f o r  t h i s  o p e r a t i n g  cond i t ion .  Thus, t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
of t h e  t h i r d  e a t  exchanger i s  c a l c u l a t e d  t o  hc approximate ly  
80 B.t .u . / f t .  hr."F. 9 

I n  t h e  p rocess  op t imiza t ion  of product  g a s  c o o l e r s ,  t h e  optirum 
tempera tures  of gas e n t e r i n g  t h e  s e c m d  and t h e  t h i r d  h e a t  exchanger 
are to b e  found s o  a s  t o  n in in i zc .  t h e  t o t a l  equipnent and o p e r a t i o n  
costs of t h e  t h r e e  h e a t  exchangers  undcr t h e  spxif i e d  t e a p e r a t u r e  
c o n s t r a i n t s .  The t o t a l  c o s t  c o n s i s t i n g  qf the cy-ipmcnt c o s t  of t h e  
t h r e e  h e a t  exchangers ,  t h e  v a t c r  c o s t  and t h c  s t f a n  b e n e f i t ,  i s  
expressed  as 

C = O'EH + (C W + C V ) - (C3!Js1 + C4Es2) (5-11) T 1 1  2 2  

The h e a t  d u t i e s  of t h e  f i r s t ,  tfic second and t h e  t h i r d  b c a t  
exchanger are expressed  as: 

The h e a t  t r a n s f e r  area of t h e  f i r s t  C:iChangCr is c a l c u l a t e d  a s  fo l lows:  

F i r s t ,  t h e  wate: f low r a t e  t.hro11gh thc f i r s t  exchanger i s  
c a l c u l a t e d  froin 

(5-15) 
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A f t e r  eni?i: jng t h e  First henL cschnnger,  t h e  water j s  prehea ted  to  tlie 
vapor i za t ion  teii;wr3 turc. This  ~ S S I I I I L ' S  a near  cons t an t  k.atcr tei:lpcratiire 
i n  tlie tubc-as l01)g a s  t h e  constaul :  stcnm p r e s s u r e  is main ta ined .  The 
product gas teii:pcra t i i re  cor responding  to t h e  point. a t  w!iich s tem s t a r t s  
t o  vapor i ze  can  1,c found froir;, 

(5-1G) 

where A t  
t h e  l i q u i d  phase and t h e  subsequent  v a p o r i z a t i o n  phase. r e s o e c t i v e l y  . 
Next t h e  hea t  t r a n s f e r  area of t h e  second h e a t  exchanger i s  c a l c u l a t e d  
by t h e  sane  procedure  a s  t h e  f i r s t  exchanger.  

ano L-: ' arc  t h e  log-mean tempera ture  d i f f e r e n c e s  corresponding t o  1 

. 
The hea t  t r a n s f e r  a r e a  of t h e  t h i r d  heat exchanger is c a l c u l a t e d  

a s  fo l lows:  

where et3 is t h e  log-mean t e n p e r a t c r e  d i f f e r e n c e  i n  t h e  t h i r d  hea t  
exchanger.  The v a t e r  f low r a t e  i n  t h e  t h i r d  h e a t  exchanger i s  c a l c u l a t e d  
from 

(5-19) 

The re fo re ,  a l l  t e r m s  i n  Equation (5-11) a r e  expressed a s  t h e  
f w i c t l o n o f  t h e  i n l e t  gas t empera tures  of t h e  second and t h i r d  hea t  
exchangers.  According to  t h e  numerical  c a l c u l a t i o n ,  t h e  optimum i n l e t  
gas t e a p e r n t u r e s  of t h e  second and t h i r d  h e a t  exchangers are 460°F and 
270°F, r e s p e c t i v e l y .  

It  is not  p o s s i b l e  however, a t  th i s  s t a g e  t o  estimate how much 
process steam w i l l  be r e q u i r e d  fo r  each of tt.: v a r i o u s  r o u t c s  to  be 
consir 'ered.  
steam and $C.15/1,000 Ib. f o r  35 psi steain are used. 

T n t r r f o r e ,  ir,k c o s t s  of steam, $0.35/1,00G XI. f o r  400 p s i  
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( 3 )  In te r inedia te  Cooler 

I n  ' the cold quencli systei;i wi th .  a high CO conten t  feed  gas, t l i c  
hcaL geticrnted i n  t he  r e a c t o r  is s o  l a rge  t h a t  i t  is necessary  t o  cool. 
the renc tnr , t  t o  n su i t ; i b l e  tc:niwr;iturc t o  recyc1.e thelii. I n  t h i s  
i n t c r n c d i a t e  c o o l e r ,  hiEli press:ire strain (400 p s i a )  i s  recovered .  T h e  
gas  e n t e r s  t he  h e a t  excli.anger a t  850°F and  r.:ust l eave  a t  a tempera ture  
higlier thnn tlie r e a c t i o n  in i t !n t ion  tcixperatiire of 550°F. S ince  steani 
b e n e f i t  is t he  over r i d i n g  f a c t o r ,  i t  i s  c l e a r  t h a t  t he  optiniuin o u t l e t  
t cmpera turc  of tlic i n t c rmcd ia t c  cool.er must be t h e  l o v e s t  poss ib le  
teinperatiire of 550°F. S ince  tlic f l u i d  p r o p e r t i e s  i n  t h e  i n t e r m e d i a t e  
coo le r  a r e  a lmost  the snnie a s  t h a t  i.n t h e  f i r s t  h e a t  exchanger of the 
product  gas  cool.er, t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of t h i s  h e a t  
exchanger may b e  taken t o  be 85 E . t . u . / f t .  hr. 'F.  \.later f l o v  
r a t e ,  Id and steaiii r a t e  ob ta ined  i n  t h e  in t e rmed ia t e  c o o l e r  a r e ,  

2 

i m  ' 

F 

wo(?: TN - TA) 
- __.___.__ 

P" 

The h e a t  t r a n s f e r  a r e a  of t h e  i n t e r n e d j a t e  coo le r  is obta ined  €ram 

(5-20) 

(5-21) 

where A t A  an+ A t 3  a r e  log-meail t c n p e r a t u r o  d i f f e r e n c e s  i r i  r he  i n t e r -  
mediate cooler  cor responding  t o  t h e  ,lir,uid F ~ Z S ~  ard. the '  subscquent 
vapor'.;ztion phcse ,  r e s p e c t i v e l y .  
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(1)  Process  Ana lys i s  

Thc gaseous eCi luen t  f r o n  t h e  primary g a s i f i c a t i o n  systcni, i s  f ed  
The g a s  has  been i n t o  t h e  cietlianatimi systexi a t  100°F and l O G 5  p s i a .  

p rehea ted  t o  550"F, a t c n p e r a t u r c  liigh enough t o  i n i t i a t e  t h e  r cac t io i i  
b e f o r e  i t  i s  in t roduced  t o  t h e  top  of t he  r e a c t o r .  

I n  the  upper p o r t i o n  of t h e  r e a c t o r ,  r e a c t i o n  i s  c a r r i e d  out  
adiabetically ~ n t i . 1  the ZZX~TKJ a?lo;.;inble tet~peraturr uf 856°F (i j 
is reached. The r e a c t i o n  t h e r e a f t e r  i s  c a r r i e d  out  i so the rma l ly  by 
removal of t h e  excess  h e a t  of r e a c t i o n  from t h e  r e a c t o r  through t h e  
embedded f i n  tubes .  I n  t h e  h igh  CO c a s e ,  t h e  tempera ture  nea r  t h e  
e x i t  of t h e  r e a c t o r  i s  reduced t o  810°F i n  o rde r  t o  .avoid equ i l ib r ium 
hindrance .  
steam in t h e  f i n  tubes .  

Heat i s  removed froin t h e  r e a c t o r  by gene ra t ing  400 p s i a  

The e x i t  g a s  p r e s s u r e  of t h e  methanation p rocess  is f i x e d  a t  1015 
p s i a .  The re fo re  t h e  t o t a l  p r e s s u r e  drop ,  bo th  i n  t h e  r e a c t o r  and i n  
t h e  h e a t  exchangers must be k e p t  less than  50 p s i a .  
c o n s t r a i n t s  i n  t h e  d e s i g n  of t h e  optimum r e a c t o r  d iameter .  

(2) C a l c u l a t i o n  Procedure  

These a r e  t h e  

As prev ious ly  s t a t e d ,  i n  t h e  h e a t  e x t r a c t i o n  system t h e  r e a c t o r  
is opera ted  a d i a b a t i c a l l y  u n t i l  t h e  tempera ture  of 850°F is reached ,  
a f t e r  which t h e  r e a c t o r  i s  ope ra t ed  i so the rma l ly .  Thus, t h e  h e a t  
ba l ance  around t h e  n-th c e l l  can  b e  w r i t t e n  as, 

For T1 <T < 850°F 

6 
1 

I= 

and T. = 850°F, 

6 
: Cn F"Tn - C Cn+ 

P .  i 1 'i i=1. 1 

qn = (Ali)  p Vn rCH = UoA: (Tn - Tw) 
c c  4 

Since  the  main r e s i s t a n c e  t o  h e a t  f l o x  is a c r o s s  t h e  g a s  f i l m  
o u t s i d e  of t h e  f i n  t u b e s ,  t h e  r e s i s t a n c e  a c r o s s  t h e  tubc  wall and t h a t  
due  t o  i n s i d e  f i l n  of t h e  c o o l a n t  cgn be neg lec t ed .  The o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  bascd on t h e  o u t s i d e  s u r f a c e  of t h c  f i n  tuhe  i s  
approximated t o  be 11 B . t . ~ . / h r . f t . ~ " F .  

From t h e  e q u a t i o n s  deve loped ,  t h e  concen t r a t ion  of each coniponpnt, 
t h e  tempera ture  and t h e  p r e s s u r e  a t  each c e l l  can be  c a l c u l ? t e d  under 
t h e  a d i a b a t i c  c o n d i t i o n  f r o n  t h e  prev ious  c e l l .  The c a l c u l a t i o n  i s  
cont inued  u n t i l  thc r e a c t o r  te r ipera ture  r eaches  850°F. The ~ a l c u l r ? t j o i i  
t h e r e a f t e r  is  r cpca tcd  b u t  under tlle i s o t h c r n a l  c o n d i t i o n  u n t i l  t h e  
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c n n c c n t r J t i o n  of niethane rc5aclies 92.1ia on a d r y  hase .  S i n c e  h e a t  
t r a n b r e r  a r e a  i n  a s i n g l e  c e l l  does not  havc a p r a c t i c a l  I 

average h e a t  t r a n s f e r  ciren of  1 0  c e l l s - i n - s e r i e s  wliicli oake u p  oiic’ 
t r a y  l e n g t h  is  calculnLcd.  

b 

S ince  t h e  h e a t  g e m r a t e d  i n  the 1 0 1 ~  C O  case is n o t  v e r y  g r e a t ,  no 
h e a t  rcuoval  fru:n the r e a c t o r  i s  ncccssnry f o r  t h i s  case. 
CO case ,  t h e  hqa t  g e n e r a t i o n  r a t e  near  t h e  c n t r a n c c  of t h e  r e a c t o r  i s  
s o  l a r g e  t h a t  t h e  c a t a l y s t  arc’ packed only p a r t i a l l y  i n  o r d e r  t o  kepi) 
t h e  g a s  tempera ture  a t  850°F. 
r e a c t o r  i s  reduced t o  810°F t o  avoid eqii i l ibriuirL h indrance  of t h c  
me thana t i o n  r e a c t i o n ,  

For the high 

Also t h e  tempcrpture  near  t h e  e x i t  o f  t h e  

The h e a t  t r a n s f e r  areas of t h e  p r e h e a t e r  and She product  g a s  
c o o l e r  are c a l c u l a t e d  by t h e  method mentioned i n  S e c t i o n  5. I 

1 
The t o t a l  c o s t  of t h e  syste,n can b e  computed from t h e  summation 

i n s u l a t i o n ,  r e a c t o r ,  s u p p o r t i n g  t r a y ,  c o n t r o l  v a l v e s  and f i n  t u b e s .  
fiere, t h e  number of t h e  c o n t r o l  v a l v e s  and t h e i r  c p s t  i s  e s t i m a t e d  f r o n  

I of t h e  i n d i v i d u a l  c o s t s ;  p r e h c a t e r ,  p rodvct  g a s  c o o l e r ,  c a t a l y s t ,  

I 
E 

, t h e  number of t r a y s .  
I 

From t h e  opt i i l i izat ion p o i n t  of view,  t h e  d e c i s i o n  v a r i a b l e s  a r e  t h e  
r e a c t o r  d iameter ,  D ,  t h e  i n l e t  p r e s s u r e ,  Po, and t h e  i n l e t  g a s  t.eGiT 

p e r a t u r e  t o  t h e  r e a c t o r ,  T ( 1 ) .  

t h e  t o t a l  eqyipment c o s t .  S i n c e  t h e  gas  tempera ture  a t  t h e  r e a c t o r  

A s e a r c h  fechnique  a s  d e s c r i b e d  i p  t h e  
I n e x t  s e c t i o n  is developed t o  de te rmine  t h e s e  t h r e e  v a r i a b l e s  by minii7iizing 

I i n l e t  should be k e p t  a s  low a s  p o s s i b l e  t o  minimize t h e  h e a t  removal 
I c o s t ,  t h e  prol)lei;a is reduced t o  t h a t  involv ing  two d e c i s i o n  v a r i a b l e s ;  

I t h e  r e a c t o r  dianleter  and t h e  i n l e t  p r e s s u r e .  

(3)  Optimum Search Tecliniques 

I n  t h i s  s t u d y ,  t h e  method of t h e  s t e e p e s t  desFent  i s  u s e d  f o r  the  
o p t i m i z a t i p n  s t u d y .  T h i s  method s t a r t s  w i t h  l o c a t i n g  t h e  d i r e c t i o n  of 
t h e  s t e e p e s t  d e s c e n t  from an i n i t i a l  p o i n t ,  then s e a r c h  a long  t h i s  
l i n e  u n t i l  no f u r t h e r  iiaprovement can  b e  made a long  t h i s  l i n e .  A new 
d i r e c t i o n  of  t h e  s t e e p e s t  d e s c e n t  i s  l o c a t e d  a t  t h i s  p o i n t  and searcl l ing 
is cont inued a l o n g  t h e  new l i n e  u n t i l  no f u r t h e r  iinprovement i s  p o s s i b J r .  
A t  t h i s  p o i n t ,  a n o t h e r  new d i r e c t i o n  i s  found and She s e a r c h  c o n t i n u e s .  

For t h e  s e a r c h  involv ing  two independent  v a r i a b l e s ,  oqce t h e  
s t a r t i n g  poinL is  s e l e c t e d  t h e  s e a r c h  d i r e c t i o n  can be l o c a t e d  by 
v a r y i n g  one v a r i a b l e  a t  a time. When t h e r e  are  inore than  two v a r i a b l e s  
involvcd ,  P o w 1  1 ’ s  method vliicli does  not  rcq i i i re  t h e  coinputation pf 
d e r i v a t i v e s  i s  more convenicnt ly  ei:iploycd. However, t h i s  proccdure  has  
no way of r e c o g n i e i q  c o n s t r a i n t s  on t h e  v a r i a t l e s  and consequei l t ly  
t h i s  rv thod  is not  e f f e c t i v e  f o r  t h e  p r o b l a i s  wiLh i n e q u a l i t y  c o n s t r a i n t s  [ 7 ]  
Computer progra:ns verc ririttcii t o  c a r r y  o u t  the opt i i i i izat ion c a l c u l a t i o q s .  
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( 4 )  R r s L L t s  and Di scuss ion  
. .  . . .  . 

,The o$t.il:!uc:! p rocess  cond i t ions .  and tiie 'optj.~iiiiiii equi.pnlcnt c o s t s  f o r  
t h e  th ree  feccls r? rc  1ist:ed i n  'I'ah1.e~ G-1 and 6-2. 

Since t i ~ c  heat genera ted  i n  t h e  lo!,! CO casc  i s  not very  l a r g c ,  
no I i q t  .re;:i.oval f roiii t h e  r e a c t o r  is necessary .  
esscntinl.1.y opera ted  adirlb;!ticall.y u i t l iou t  i n t e r i i a l .  hea t  reinoval 
o r  quenchi 1:s. 

lhe r c a d t o r  . i s  

. .  
Althouy,h tlic d e c i s i o n  v a r i a b l e s  s e l e c t e d  f o r  op t i in iza t ion  a r e  the  

r e a c t o r  d i ame te r ,  t h e  i n l e t  p r e s s u r e  and t h e  'fced gas  tempera ture ,  ' the 
feed  gas  ten!pei-ature h a s  been f i x e d  a t  550°F i n  a c t u a l  c a l c u l a t i o n .  
This  i s  because tiie r e a c t i o n  i s  not  a f f e c t e d  by tcinperature s i g n i f i c a n t l y  
a f t e r  600°F i s  reached  probab1.y .due t o  the  s low c a t a l y s t  pore d i f f u s i o n .  
Mcnce, t h e r e  is n o  ' reason  t o  i n c r e a s e  t h e  i n l e t  teinperature above 600'F. 

As is e v i d e n t  frorii Tab le s  6-1 and 6-2,  t h e  l i ea t  'exchanger c o s t s ,  
p a r t i c u l a r l y  t h e  p r e h e a t e r  c o s t  and t h e  product g a s  coo le r  c o s t ,  a r e  

. t h e  major i tws  of t h e  t o t a l  equipment c o s t .  Any e f f e c t i v e  scheme ' to 
reduce  . t h e  s i z e  of h e a t  exchanger wil l .  reduce t h e  t o t a l  c o s t ,  nios t 
s i g n i f i c a n t l y .  Had t h e  r e a c t o r  been permi t ted  t o  o e p r a t e  a t  a feed  gas  
teniperaturc of 500"F, t h e  t o t a l  c o s t  would have been reduced f u r t h e r .  

. > .  I 

Each s e c t i o n  of t h e  r e a c t o r  be tveen  t h e  'two a d j a c e n t  t r a y s  i s  
made u p  by f o r t y  c e l l . s ' e q u i v a l e n t  t o  40 inches  of f i x e d  bed packed . 
w i t h  c a t a lys t :  and f i n  t u b e s . .  The f i n  tubes have equa l  heat. t r a n s f e r  
a r e a - i n  each s e c t i o n .  The re fo re ,  t h e  temperature i n  t h e  i s o t h e r m a l . .  
p o r t i o n  of the, r e a c t o r ,  i s  not  n e c e s s a r i l y  maintained a t  t h e  s p e c i f i e d  ' 

85O0F:' The ternpcrature d e v i a t i o n  i s  not  s e r i o u s ,  hoiwver,  wi th  'the. ' '  

l a r g e s t  d e v i a t i o n  of on1.y lG°F occur r ing  a t  t h e . f i n a 1  t r a y  i n  t h e  
high CO case .  . .  
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TABLE 6-1 OPTi?lLPl PROCESS CONDITIOKS 
I N  TWO DlFFCRENT FEEDS 

FOR HEAT ESTRACTION SYSTEPl 
- - - ~  

I n t e r m e d i a t e  CO High CO 
- _--- --- ---_ 

I n l e t  temperature ,  O F  
O u t l e t  temperature ,  OF 
I n l e t  p r e s s u r e ,  p s i g  
O u t l e t  p r e s s u r e ,  p s i g  
Reactor d iameter ,  f t .  
Reactor he ightA f t .  
Space v e l o c i t y ,  h r . - l  
C a t a l y s t  weight ,  l b s .  
T o t a l  h e a t  t r a n s f e r  

s u r f a c e  a r e a  of f i n  tube ,  f t .  
Heat t r a n s f e r  s u r f a c e  
Area of p r e h e a t c r ,  f t .  

Heat t r a n s f e r  s u r f a c e  
a r e a  of product  gas  c o o l e r  11, f t . 2  

Heat t r a n s f e r  s u r f a c e  a r e a  of 
product  g a s  cooler  111, f t . 2  

Flow r a t e  of 35 p s i a  steam i n  
h e a t  exchangers ,  l b . / h r .  

Flow r a t e  of t r e a t e d  water  i n  
h e a t  exchangers ,  l b .  /br . 

Flow r a t e  of process  water  i n  hea t  
exchangers, l b . / h r .  

Flow r a t e  of 400 p s i a  steam 
i n  f i n  tubes ,  l b . / h r .  

Flow rate of t r e a t e d  water 
i n  f i n  tubes ,  l b . / h r .  

2 

2 

100 
100 

1 ,050  
1 ,000  

7 .O 
15.2 

1 , 420 
17,390 . 

31,400 

10,320 

10,900 

20,000 

55,530 

111,000 

149,ZCS 

105,790 

105,790 
* 

Eased on i n l e t  c o n d i t i o n .  (550°F, 1065 P s i a )  

100 
100 

1,050 
1,000 

8.0 
23.5 

1 ,270  
22,340 

94,500 

13,520 

18 ,360  

21,140 

76,670 

153,400 

157,600 

356,600 

356,500 

TABLE 6-2 OPTI14Jt5 EQUIPMENT COSTS 
I N  TWO DIFFERENT FEEDS 

FOR HEAT EXTRACTION SYSTEN 

I n t e r m e d i a t e  CO High CO 

C a t a l y s t ,  $ 
Reactor and t r a y ,  $ 
Control  v a l v e ,  $ 
Fin tube-, $ 
P r e h e a t e r ,  $ 
Product g a s  c o o l e r  I ,  $ 
Product g a s  c o o l e r  11, $ 
Product gas  c o o l e r  111, $ 
Separator  drum and r e c y c l i n g  pump 
. ( i n  f i n  tube s y s t e n ) ,  $ 
T o t a l  e q u i p r e n t ,  $ 

43,500 
124,800 

20 , 000 
49 , 600 
81,600 

0 
84,130 

118,300 

20,250 
542 , 180 

- - --- 
55,900 

223,000 
28,000 

131,140 
81,400 

0 
112,800 
122,000 

36,850 
754,240 

. . -- 
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(1.) pl-nccss An.?lysis and C31 cul.,-.tinn Proccdiirc 
. .  

111 t h c  cold qilkiich systi-;?l, 0111.5' a si1:aI.l p o r t i o n  of thc: f r c s h  fced 
The reiiiniiider of t h e  is prr.llcaicd nncl enters t h e  top  of t h e  r e a c t o r .  

f r c s i l  feed a t  r e l n t i v c l y  lnw t c n p c r a t u r c  c n t c r s  a t  p re sc r ibed  i i i t c r v a l s  
i n t o  t h e  r c s c t o r  i n  such a ucly t h a t  t h e  cff1.ucnt from t h e  precriding 
bed i s  coolcd s u b s t a n t i a l l y  t o  ea i . n t a in  t h e  r c n c t o r  teinperatul-e below 
t h e  rxsiroum a l l o c a b l e  t cqwrc?  t u r c .  I n  ef f e c t  , tlle cxce.r,s . hea t  generil tcd 
by t h e  r e a c t i o n  i s  absorbed  i n t o  t h c  s e n s i b l e  hea t  of t h e  feed  gas .  
ii t h c  excess  h e a t  gene ra t ed  by the  r e a c t i o n  i s  wore than t h a t  can  
be absorbcd by t h e  s e n s i b l e  h e a t  of t h e  i eed  gas, i t  is nec r s sa ry  to  use 
n o r e  than one r e a c t o r  w i t h  provisi.o.ns f o r  i n t e rmcd ia t e  cool ing .  
The n!osinum al lo~; .nl~l .e  tempera ture  is a g a i n  t aken  t o  be 850°F f o r  a l l  . 
cases except  f o r  t h e  h igh  CO case  i n  which t h e  e x i t  t empera ture  from 
t h e  l a s t  r e a c t o r  i s  reduced t o  810°F f o r  r easons  p rev ious ly  d i scussed .  
The p r e s s u r e  drop i n  bo th  t h e  r e a c t o r  and t h e  product gas  c o o l e r s  i s  
l i m i t e d  t o  less than  50 psi-a .  

I Since  t h e  amount of h e a t  gene ra t ed  by t h e  r e a c t i o n ,  Qc,  is s t r o n g l y  
a f f e c t e d  by the  feed  gas c o a p o s i t i o n  as can be  seen from 

Q = (AH) FG * yK 

As mentioned p rev ious ly ,  t h e  h e a t  genera ted  f o r  the low CO c a s e  i s  
less than t h e  s e n s i b l e  h e a t  of t h e  r e a c t a n t  gas s o  i t  is no t  necessary  
to  perform cold qucnching. From t h e  h e a t  gene ra t ion  as w e l l ~ a s  from 
t h e  econoiiics p o i n t s  of v iew,  only  me r e a c t o r  wi thout  t h e  in t e rmed ia t e  
coo l ing  v i 1 1  be necessa ry  f o r  t h e  i n t c r i x d i a t e  CO case .  However, for 
t h e  h igh  CO c a s e ,  t h r e e  r e a c t o r s  wi th  two in t e rmed ia t e  c o o l e r s  w i l l  
be  needed. 

1. In te rmed ia t e  CO Case 

A p o r t i o n  of t h e  feed  g a s  is prclieated to  T ( l )  by t h e  p rehea te r  
p r i o r  to  e n t e r i n g  t b e  top  of t h e  r e a c t o r .  The f i r s t  co ld  s h o t  of feed 
is in t roduced  t o  c o o l  t h e  r e a c t i c g a s  a t  a p o i n t  where t h e  gas t e m -  
p e r a t u r e  h a s  reached t h e  maximum a l l o v a b l e  v a l u e  of 850°F. S ince  t h e  
r e a c t i o n  ra te  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by t h c  tempera ture  above 
600"F, a n  cxac t  amount of co ld  quench t h a t  v i 1 1  b r ing  down t h e  gas  
t c n p e r a t u r e  t o  600°F should  be in t roduced .  

The h e a t  halatice a c r o s s  t h e  r e a c t o r  can b e  w r i t t e n  as 

If 
c e n t r a t i o n  of each gaseous  coniponcnt and t empera ture  p r o f i l e s  can then  
b r  c z l c u l a i e d  by the sanc ricthod dcsc r ibcd  i n  tlic h e a t  € . ; t rac t ion  systcln. 
Tlic r a l c i i l a l i o n  is con t inued  u n t i l  t h c  t e t q x r a t u r c .  i n  tlie r e a c t o r  
rear hcs 850°F. 

is h o l m ,  J i  is c a l c u l a t r d  f r o n  Equation (7-2). The con- 

1 

i 



I n  t h e  cold quench system, t h e  r e a c t o r  i s  subdivided i n t o  a 
nuitibcr of s e c t i o n s  which a r e  sepa ra t ed  by the  co ld  quench p o i n t .  
A t  each quenching p o i n t ,  both t h e  flow r a t e  of t h e  co ld  quenching 
gas  r equ i r ed  and t h e  g a s  composition a f t e r  tlic quenching, can be 
c a l c u l a t e d  from t h e  f low r a t e  and the tempera ture  of t h e  gas  b e f o r e  
quenching. The re fo re  knowing t h e  i n l e t  t empera ture ,  T ( l ) ,  t h e  con- 
c e n t r a t i o n s  of each component and t h e  tempera ture  d i s t r i b u t i o n  i n  
t h e  r e a c t o r  can be  c a l c u l a t e d .  

The t o t a l  equipment c o s t  f o r  t h e  i n t e r m e d i a t e  CO case i s  obta ined  
by t h e  summation of t h e  i n d i v i d u a l  e q u i p m e n t  c o s t ;  p r e h e a t e r ,  
p roduct  gas  c o o l e r ,  c a t a l y s t ,  r e a c t o r  and t r a y ,  c o n t r o l  v a l v e s  and 
thermal i n s u l a t i o n .  These c o s t s  a r e  c a l c u l a t e d  from t h e  d e d g n  c o n d i t i o n  
of t h e  reactor and t h e  heat exchangers toge the r  w i th  t h e  c o s t  e q p t l o n s  
desc r ibed  i n  Sec t ion  4 .  

I n  o b t a i n i n g  t h e  r e a c t o r  and t r a y  c o s t ,  t h e  d i s t a n c e  between t h e  
two ad jacen t  s e c t i o n s  of catalyst  allowed f o r  the quenching g a s  t o  
mix wi th  t h e  hot  g a s ,  i s  taken  t o  be 0.5 f e e t .  

The d e c i s i o n  v a r i a b l e s  s t u d i e d  i n  t h e  op t imiza t ion  of t h i s  system 
f o r  t h e  e rmedia te  CO c a s e  are t h e  gas  tempera ture  a t  t h e  r e a c t o r  
i n l e t ,  TtnS, and t h e  r e a c t o r  d i amte r ,  D.  Opt imiza t ion  technique  used 
i s  t h e  same as t h a t  f o r  t h e  h igh  CO c a s e  i n  t h e  co ld  quench sys tem.  

2.  High CO Case 

S ince  a l a r g e  amount of h e a t  i s  r e l e a s e d  i n  t h i s  c a s e ,  a s i n g l e  
r e a c t o r  cannot  accommodate t h e  necessa ry  convers ion .  Twb p rocess  
arrangements a r e  cons ide red .  In System I ,  a p o r t i o n  of t h e  f r e s h  
feed  gas i s  prehea ted  and e n t e r s  t h e  top  of t h e  f j r s t  r e a c t o r .  The 
remainders of t h e  feed  are in t roduced  a t  i n t e r v a l s  a l cng  the  r e a c t o r  
i n  o rde r  t o  c o o l  t h e  r e a c t a n t  gas .  

When t h e  gas t empera ture  i n  t h e  f irst  r e a c t o r  r eaches  850'F a f t e r  
t h e  f i n a l  quenching, t h e  r e a c t a n t  gas  l e a v e s  t h e  f i r s t  r e a c t o r  and i s  
cooled by t h e  p r e h e a t e r  and t h e  in t e rmed ia t e  c o o l e r  I .  

A p o r t i o n  of t h e  r e a c t a n t  g a s  then  e n t e r s  t h e  top  of t he  second 
r e a c t o r .  The remainder of t h e  r e a c t a n t  g a s  i s  cooled by t h e  i n t e r m e d i a t e  
c o o l e r  I1 and i s  f e d  a t  i n t e r v a l s  a long  t h e  second r e a c t o r  t o  c o o l  
t h e  r e a c t a n t  gas .  A f t e r  l eav ing  t h e  second r e a c t o r ,  t h e  product  g a s  i s  
cooled  i n  t h e  product  g a s  c o o l e r s  I ,  I1 and 111 t o  100'F. 400 p s i a  
steam i s  recovered from t h e  i n t e r m e d i a t e  c o o l e r  I and t h e  product  gas  
c o o l e r  I aad 35 p s i a  steam is recovered by t h e  in t e rmed ia t e  c o o l e r  I1 
and t h e  product gas  c o o l e r .  

I n  System 11, t h e  arrangeincnt f o r  t h e  f i r s t  r e a c t o r  i s  t h e  same as 
i n  System I. 
850°F a f t e r  t h e  l as t  quenching, t h e  r e a c t a n t  gas  i s  in t roduced  t o  t h e  
in t e rmed ia t e  c o o l e r  I and i s  cooled t c  T(*) and f ed  t o  t h e  second.  
r e a c t o r .  \\'hen the  tempera ture  i n  t h e  second r e a c t o r  reaches  650"F, Lhc 
r e a c t a n t  gas l e a v e s  the secoqd r e a c t o r  :nd is cooled by t h e  in t e ru i ed ia t e  
c o o l e r  I1 t o  T ( 3 )  and t h e r e a f t e r  e n t e r s  t h e  t h i r d  r e a c t o r .  

h'hen t h e  gas t empera ture  i n  t h e  f i r s t  r e a c t o r  r e a c h e s  
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As tllc proc!tic.t g a s  1r;ivcs t i l e  t i i i r d  1 ~ ~ i l c t ~ i l ~ ,  i t  i s  cooled by t i ~ c  
feed  gas  prclicat 1'1' ::nd si11~st~c~uc~it . i .y by tile prod!ict gas c o o l c r ~  1, J l  
and 11.1 t o  ICO'1.'. :\gain 400 p s i 3  si:c,?ai i s  reccic:i-ecI from the :intc.rlncdiaLc- 
coolers I aiitl I1 a n d  t h e  product  gns coo:cl- 1, \.:iiil.c 35 p s i a  steai;: i s  
recoverctl fr<-.::i t-ilc product: gas c o o l c r  TI. 

A rou:;h c n l c u l a t i o n  sho:?s t h z t  the t o t a l  Iient c.sch:iny;er c o s t  f o r  
1 jcr than t h a t  f o r  Sys tca  I a n c l  ' I  S C C ~ I I I  I r c n e f j  t f o r  
Ser tlian t h a t  f o r  StC-iii 1.. 1 t. a l s o  S l l O \ ~ S  t h a t  t h e  . ' 

c a t n l y s t  ve ig l r t  f o r  Syste;?, IT. is  l l e r  t h a i i  t h a t  f o r  Systcm 1. 
because no que'nihiii:, for. tile secoiid and  tlic t h i r d  r e a c t o r  i s  rcquirccl .  
TLicrefore, Systciii I J  i s  s e l e c t e d  f o r  t h o  op t i i n i za t ion  s tudy .  The " .  
c a l c u l a t i o n  proccdiire f o r  C l i e  op t i i n i za t ion  of System IT. i.s as fol . lor .~s: .  . .  

:The hea t  ba l ance  a c r o s s  tlie t h i r d  r r n c t o r  ca'n be t j r l t t e n  a s .  

. I f  t h e  te ,npcra ture ,  T ( 3 ) ,  i s  knovn, t h e  conversion,  Y(~), is  c a l c u l a t e d  
from Equation (7-3).  

The 'hca t  ba l ance  a c r o s s  t h e  second r e a c t o r  i s  

(7--4) 

I f  t h e  i n l e t  t e r . pc ra tu re  T(*) i s  knotin,  t h e  Conversion y ( 2 )  i s  c a l c u l a t e d  
f r o d  Equation (7-4).  

The heat b a l a n c e  a c r o s s  t h e  f i r s t  r e a d o r  can  b e  w r i t t e n  a s ,  . 

I f  the i n l e t  t e n p e r a t u r c  of t h e  f i r s t  r e a c t o r  T(') is g iven ,  t h e  f r a c t i o n  
of  f eed  g a s  r e q u i r e d  f o r  the f i r s t  quenching, A i ,  i s  c a l c u l a t e d  by 
Equat ion (7-5). The c a t n  s t  w i g  and r e a c t o r  s i z e s  of t h r e e  r e a c t o r s  
are  calculaLed f rom 1' ai:d 3'). I' 

The t o t a l  cqiiipnient cos t  fo r  the hi.gli CO cas& j s  obtained by t h e  
Siiniriation of t h e  i n d i v j d u a 1  cquip:,:crit c o s t s ;  p rc l i r a t e r ,  product. gas . 
c o o l e r s  I ,  11 ai<(! 7 1 1 ,  i n t i i r s c d i a t e  c o o l c r s  1 and 11, cat.nl.yst, r cac toxs  
and t rays ,  control.  v a l v c s ,  and h e a t  in s i i l aL ion .  



because the  stanii: be i i c f i t s  f o r  . the i n t e rmed ia t e  c o o l e r s  I and I1 are. 
t h e  h ig l ics t  irndcr this cond i t ion .  Thus, t h e  6ptimuin i n l e t  tenipcrnturc 
f o r  tlic t h r e e  r e a c t o r s  m u s t  be s e l e c t e d  a t  550°F. llcnce t h e  opt i i i i izat ion 
prol~lein f o r  t h i s  c a s e  i s  reduced t o  t h a t  of s ea rch ing  the  optimum r e a c t o r  
dianic ters. 

(2) R e s u l t s  m i d  Discuss ion  

129. 

Table  7-1 and  7-2 show t he  o p e r a t i n g  c o n d i t i o n s  and t h e  optimum 
e q u i p l e n t  c o s t s  f o r  t h e  co ld  quench system under t h e  two d i f f e r e n t  
f e e d s .  

The quanLi t y  of t h e  quenching gas  and t h e  l o c a t i o n s  of t h e  quenching 
p o i n t s  are determined by assuming t h e  r e a c t a n t  tempera ture  b e f o r e  and 
a f t e r  quenching t o  be  a t  850°F and 600°F, r e s p e c t i v e l y .  
and c a t a l y s t  c o s t s  c a l c u l a t e d  based on such tempera ture  c o n s t r a i n t s  a r e  
not  n e c e s s a r i l y  t h e  t r u e  optimum v a l u e s ,  however. According t o  
Tables 6-3 and 7-2, t h e  c a t a l y s t  c o s t  f o r  t h e  co ld  quench system is 
no more than  1.3 tines t h a t  f o r  t h e  h e a t  e x t r a c t i o n  system. Therefore  
t h e  c o s t  of r e a c t o r  and c a t a l y s t  e s t ima ted  can be cons idered  t o  be 
very  c l o s e  t o  the  t r u e  optimum value .  

The r e a c t o r  
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LO;./ co 1nter i .wdia te  CO High CO 
__ - ... - .......... - _ _  ........... .- -_ .... - .... - .. ....... ... - ..... . .......... ............. . 

Inlet .  t empera ture ,  OF 
O u t l e t  tPJ,p"'"t:::-c, et' 

1 n I . c : ~  p re s su re ,  p s i 6  
O u t l c t  p ress i i rc ,  p s t g  
F i r s t  r eac to r  di2:: ietcr,  f t .  
F i r s t  r eac to r  h e i g h t ,  f t .  
Seconc! r e a c t o r  dir.ii:cter, f t .  
Second r e a c t o r  h e i ~ l i t ,  ft:. 
T h i r t l ,  r eac to r  d i amc tc r ,  f t .  
Thjrtl r eac to r  h e i g h t ,  f t .  
Spacc v e l o c i t y , "  hr .-l 
C a t a l y s t  weight,  l b s .  

 heat t r a n s f e r  s u r f a c e  
a rea  of prc l ien ter ,  f t . . 2  

l ieat  t r a n s f e r  s u r f a c e  2 rea  of 
2 interi i iediate coo le r  1) f t . 

Heat t r a n s f e r  s u r f a c e  a r e a  
in t e rmed ia t e  coo3.cr T I ,  f t .  

Heat t r a n s f e r  s u r f a c e  a r e a  of 
2 p roduc t .  gas cool.cr I ,  f t . 

Hea t t ran s f ci- su r f a  c e a r ca 
product cas c o o l t r  11, f t .  

Heat t r a n s f e r  s u r f a c e  a rea  o 
product gas c o o l e r  111, f t .  

Flo,;.. r a t e  of 400 p s i a  s t e m  i n  
i n t r r i w d i a t e  coo1.cr I and 
11, l b . / h r .  

Flm: r a t e  of t r e a t t d  water  
i n  in te ro ied ia te  c o o l e r  I a n d  

O 5  

5' 
5 

11, l b . / h r .  
Flow r a t e  of 400 p s i a  sten:n 

i n  hea t  exchangc r s  , 1.h. /hr . 
Flov r a t e  of 35 p s i a  s t e m  i n  

heat: exchangers,  l b ,  /h.r .  
Flow r a t e  of t r e a t e d  v a t e r  
. i n  hea t  exchange r s ,  1.b. / h r  . 
Flow r a t e  of p roccss  i:atcr 

i n  h e a t  exchangers ,  I h .  /hr . 
x 

Based on in l . c t  cor?di.tjon 

100 
133 

1,050 
1,000 

5.9 
10 .J. 
-- 
-- 
-- 
-- 

1,690 
12,030 

9,015 

-- 
-- 

-- 

5,920 

18,600 

-- 

-- 
- _. 

38,450 

76 ,900  

13S,000 

100 
100 

1,050 
1,000 

6.2 
18.75 
-- 

-- 
1 ) os0 

22,930 

2,1.75 

100 
i 00 

1,050 
1,000 

6.2 
3.4 
6.6 
3 
7 . 2  
8 . 5  

1 ,200  
23) 740 

6,090 

-- 7,680 

-- 7,530 

8 ,480  I 6,075 

11) 930 15,670 

26,630 21,240 

-- 336,670 

-_ 336,670 

10s,100 22,000 

101,000 138,130 

202,000 276,280 

1 ,249,500 1,319,470 

...................................................... ............. I 
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C a t a l y s t ,  $ 
Reactor and t r a y ,  $ 
Contro l  v a l v e ,  $ 
P r e h e a t c r ,  $ 
In te rmcdia te  c o o l e r  I ,  $ 
l i l tcrnlcdiate  c o o l e r  11, $ 
Product gas  c o o l e r  I ,  $ 
Product  gas c o o l e r  11, $ 
Product  gas c o o l e r  111, $ 
T o t a l  Equipment, $ 

30,000 
66,100 
12,000 
75,510 

-- 
-- 
-- 

55,730 
109,260 
348,600 

57,300 
88,270 
18,000 
34 ,000 -- 

-- 
73,030 
,88,470 

118,600 
477,670 

59,350:  
167,400 

14,000 
53,490 
62, 270 
61,560 

92,720 
110,160 
677,320 

56,360 
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cas and t!ie r e c y c l e  g a s ,  i t  i s  neccr:snry t o  coo l  t h e  r e c y c l e  gcis t o  ' . 
T h e  tec:peraturr. T("') of. t l ic !  1 : x ;  l c ~ v i n x  the'  rccyclr. %as c o o l e r  i s  ca lc t \ ln tcd  
f r o a  t l i c .  h c a t  b a l a i ~ r ~  r,rour:d t!ic x i n : ;  po in t  2s 

,. 

Fro;! ti!c ticnt hnlancc  a c r o s s  t!ic r c n c t o r  , tiic f o l l o d n p .  
equat ions  a r c  oij taincd. 

(9,- I:) 

If t h c  t o t a l  a-roqnt of hcxt  Eencralrd i n  thc r e a c t o r ,  Qc, is known, the 

r ecyc le  flow r a t e  Z Tr  is c a l c u l a t e d  f ron  1:quztions (8-1) and (8-2). 

T h e  i n l e t  f loi '  r a t e  and the  c o i p o s i t i o n s  a r c  then c a l c u l a t e d ,  Tha 
r eac to r  s i z e  erd the  c a t a l y s t  Tieislit f o r  t h i s  syc.tcia a r e  d e t e r x i n r d  
fro3 the  p c r f o r r a n c c  equn t i ons .  

6 

i: I j 

i.1 'i 6 F .  0 
t h e  en tha lpy  of t!ic f eed  ~ 3 5 ,  TF 

Ti 
Cp 

Yi and t h a t  of t h e  r e c y c l e  gas, 
~6 Y r i : l  i . (IT) L C l  I:, , f.t i s  necessriry t o  p rehea t  t!ic fecd  g?-s t o  T , .'!'he 

iq ' i 
t e n p r r z t u r c  T ( p p )  t o  which t h e  gns must 1)c prehcc tcd  i s  c a l c u l a t e d  fro.n 
t h e  heat ba l ance  around t!ic po in t  viicre the feed crixcs w i t h  the r ecyc le  
gas, a rco rd in?  t o  t l ic followir); equa t ion :  

(8-3) 

' h e  s i z e  of t h e  p r c h e a t e r  requi red  i s  c a l c u l a t c d  f r o e  T'''') by t h e  snrnc 
procedure describcc! i n  Sectioir  5. 



133. 

I 
h 

e 
l 

I 

I n l e t  t c n p e r a t u r e ,  3.00 
O u t l e t  t e ~ p e r a t u r e ,  'F i n 0  
I n l e t  p ress i t re ,  .psip,  1,050 
Outl.ct p ress i t re ,  psig I. ,900 
Number of r e a c t o r s  4 
Reactor d i e n e t e r  5.8 
Reactor h e i g h t ,  f t .  6.02 

Spacc vcloci.  t y  , hr .  
lleat t r a n s f e r  s u r f a c e  area of  p rehc . a t c r , f t 2  
Heat t r a n s f e r  s u r f a c e  a r e a  of r c c y c l e  

Heat t r a n s f e r  s u r i e c e  a r e a  of  product 

Heat t r a n s f e r  s u r f n c c  a r e a  of. product 

l icat  t r a n s f e r  s u r f a c e  a r e a  o f  product  

'Flov r a t e  of  t r e a t e d  v a t e r  i n  hca t  

Flov r a t e  of  spen t  v a t e r  i n  hea t  

F ~ O V  r a t e  of 403 psi1 stem i n  h e a t  

Flow rate of 3> psia s t em in h e a t  

Recycle r a t i o  0.7796 
 plot^ r a t e  of t r e a t e d  +rater i n  r e c y c l c  

Flow rntc of 400 p s i a  s tem from r r c y c l c  

Ca ta lys t  ve i r ,h i ,  11)s 28 . O N  

gas coo le r  I ,  f t . 2  -- 

882 
1,533 

-1 

gas coo le r  I ,  f t . 2  8,500 

g a s ' c o o l e r  11, f t . 2  . 11,775 

gas coo le r  III ,  f t . 2  19,900 

exchangers,  l h .  /hr.  320,OgQ 

exchangcrs , 11). / h r .  1,236,170 

exclt.?ngers, l!, . / h r .  108,330 

exchansers , l b .  / h r  . Q5,33Q 

f i ~ s  coo le r  , l h .  / h r  . -- 
gas c o o l e r ,  l b . / h r .  -- 

*IinFed 011 i n l e t  conf l i t ion .  (55n"F, 1965 k i n )  

100 
3.00 

I ,050 

8 
6.0 
5.95 

1 ,000 

58,730 
4 s 4 -- 

6,140 

10,150 

15,670 

21,135 

317,970 

1 , 3  16 ,111 0 

178,33Q 

139,670 
2.911 

147,860 

147,469 
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Zntcrmcdiatc CO Hizh CO 

Cntaly:;t, s 
Reactor and tray ,  S 
Vn1.v~ and flow iactcr, $ 
Prehcatar, $ 
Recycle g a s  cooI.er, s 
Product gas cooler  I ,  $ 
Product .?as cooler  11, .$ 

. Product <as cocler ITI,  $ 
Rccycltnq conpressor, $ 
Total e q u i m c u t ,  s 

70,080 
169,970 

28,540 
0 

73,170 
87,840 

4 3 ,  oac1 , 

i17,~3n 
81,000 

676,590 

146,830 
363,569 

u0 ,000 
0 

60,930 
89,URr) 

10?,030 
122,239 
244,0n0 

1,201,460 
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E' 

. .  . . .  
For lieatin: and c n o l h o ,  o r  the: process f l u i d s ;  p r c h a a t c r s ,  product 

jias c o o l e r s ,  ii:t .errieJintc c o o l t r s ,  r c c y c l e  c o o l e r s  2nd cmlicdded f i n  
I 
I .  tubes  a r c  USC.~!.  Tlie prc.\!eatcr cost. f o r  t h e  !;cat e x t r a c t i o n  s y s t w :  ir; 

;?:;ii;ip ilie- tlii-ec sys . considcrcd. T h i s  i s  bccnur;c tlic 

In tlic,col.d qcc!:ich systcn;.  o n l y  a f r a c t i o n  of thr. fr.cd gas i s  prclieated 
vhi lc .  i n  t l i c  rkcy,c ie  sj .stcn; t h e  p rchea te r  is k t  riecde.d exc.ept f o r  the  
i n t c r n x d i a t e  co c&e. 

n u k t  I I C ?  11critcd t o  reo,uircd i n l e t  r e a c t o r  tcmpera ture .  

'I 
i 

~. . r  ~t zpp'e+i-:j +vi.bent t t int  t!ie c o s t  of t he  p r o d u o t  gas  c o a l e r  i s  
Ii ighesi  for t h e  r e c y c l e  S'ySfCi!i hnd  is 1o:iest f o r  t?ie h e a t  c s t r a c t i o n  
sys t cq ,  
dcpends , l&{ ie ly  on the  f r a h t i o n  of tlie feed cas in t roduced  t o  t l ie to?  
of t h e  r e a c t o r ,  A i ,  2nd i s  i n  g e n e r a l  betileen t h a t  of  t h e  r e c y c l e  system 
and the  libat e s t r a c t i o n  system. As t o  t h e  c o s t s  of fin t rhe.s ,  in tc ruedin t .e  
coo le r s  and r e c y c l e  gas c o o l e r s ,  they  are r e l a t e d  t o  tlie mount.  of h e a t  
renoved du r inz  tlie r e a c t i o n  and t h e r e l o r e  are higli,er a s  t h e  .CO ccnteii t  of 
t h e  feed gas is  inc reased ;  

F b i  tlie co la  quFnc1i system, ttie c o s t  of t h e  product gas  c o o l e r  

2. Ca ta lys t  and ReRctbr Costs 

It i s , r e a d i l v  seen t h a t  t he  c a t a l y s t  c o s t  f o r  the-  h e a t  e x t r a c t i o n  
s y s t c n  i s  t h e  c!icapcst and t h a t  foz tlic r ecyc le  s y s t e n  i s  tlie c m s t  
expensive amony, t he  t l i rce  systems. Tlie c a t a l y s t  c o s t  f o r  t h e  co ld  
qucnch systeci ranks  in t h e  middle o f  t he  tvo ,  l e n n i n s  c l o s e l y  t o  t l i ~ t  of 
t h c  h e a t  e x t r a c t i o n  sys tem.  In c o n t r a s t  t o  t he  l o r ~ c s t  c a t a l y s t  c o s t  for 
t h e  h c a t  e x t r a c t i o n  sysce?:, thc! r e a c t o r  c o s t  is  l a r g e r  than t h e  co ld  
quench s y s t e m  because  a large r e a c t o r  volume is  occupicd by  the  cnbcdded 
fin tul)cs. I!o::evcy, fo r  thc  h igh  CO case  vhcn t!iree r e a c t o r s  a r c  needed 
t o  acco:>plish t h e  cold quenching, t h e  r e a c t o r  c o s t s  of t he  tvo systms 
hecozes approxis:atel:.p t h e  sa:ne. 

The re.?ctor c o s t  f o r  t h e  r e c y c l e  system i s  the h ig ! i e s t , s incc  the  
c a t a l y s t  v o l u m  r equ i r ed  is t h e  larjics t axoiig the t h r e e  s y s t e m .  

It-, v i c v  of t h c  high r e a c t o r  and t h e  c ~ t a l . y s t  c o s t s  as !,:e11 as 
tlic liiz!i r c c y c l e  g a s  compressor c o s t  i n  tile rccjTclc s y s t c n ,  t!ii.s 

s y s t c n  i s  tlic l e a s t  cco;io:ni c a l  system.. 

. F i e u r e  9-1 slimls t h e  r e l a t i o n  bet,..:cen tlie t o t a l  c:quip!:?c.nt cos t  a n d  

concluc!cc! tllnt t!ie co ld  qucncii s y s t c n  i s  tlic r u s t  econcz:ic.al sy:: t rn ,-:-!any. 
tllc co :~c .en t rn t ion  of CO in t h e  f e e d  ?,as. Froin t h i s  f i g u r e ,  i t  m : r  be 

tlie t i ircc sy-tc::r, f o r  tlie i n t c r n e d i a t c  CO case  and t!:c 1iig:i CO case .  

( 2 )  E f f e c t  or Tcnpera ture  of tile Feed C n s  on To ta l  1:Tci.prcrit C o s t  
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In thc oytii , i izatioii  of t h i s  p rocess ,  t!ic dec i s ion  v a r i a b l e s  
consic!ered arc ti le rc:ctor d iameter ,  t h e ,  inlet and o u t l e t  t enpc rn tu re  
of tile gas  7'1) asd T", end t!x n::::!>er of r e a c t o r s  i n  p;irai~.e:.. 
In tlis r e c y c l c  :y:; tern, vo lwnc t r i c  f ln! ; .  r n t e  i n ,  tlic reac, tor  and, 
consequent ly  t h e  re.?ctor d i m e t e r  is so l a r g e ,  e s p e c i a l l y  f o r  thc  
h i z h  CO case .  i t  i s  necessary  t o  f i n d  thc  o!)tinun nurnhcr of  r e a c t o r s  
f o r  t h i s  C J S , ~ .  In the. c o s t  c s t i s i a t ion  of t h l s  process, as t h e  numl)er 
of r e a c t o r s  is i nc reased ,  $8,093 per  eacl: r e a c t o r  i s  added as t h c  
c o s t s  of c o n t r o l  v a l v e s  a n d , o t h e r  i n s t r u n c n t a t i o n .  

N Howcver, as t h e  t e m p x a t u r e  d i f f e r e n c e  b e t w e n  T ( l )  and T 
incrcnscs, t h e  r e c y c l e  gas rate is decreased, reducing t h e  r e a c t o r ,  
c o s t ,  cata1y:;t c o s t  and r e c y c l e  PIJXP c o s t .  Therefore ,  tlic optimum 
gas  tcmpcra ture  a t  thi? reactor in l . e t  i s  550'F for each CO case  and t h e  
opt inun  gas tcinpcrati ires a t  t h e  out1.ct of t h e  r e a c t o r  a r e  853°F for t he  
l n t e r n c d i c t c  CO c a s e  and 810°F f o r  tiie h i s h  CQ case, '  respec t i .ve ly .  

Consequently, t h e  remaining d e c i s i o n  v a r i a b l e ,  t h e  numhcrs of  
r e a c t o r s  in p a r a l l e l ,  and the  r e a c t o r  d izmeters  are searched  i n  t h e  
op t imiza t ion  s tudy  of  t h i s  sys t en .  

(2)  Resu l t s  

Fixurc 8-1 and 8-2 shrv t h e  e f f e c t  of t he  r e a c t o r  d iemeter  on 
t h e  t o t a l  equipment c o s t  wi th  t h e  nunber of r e a c t o r s  as pararneter . f o r  
t h c  i n t e m x d i a t e  CO c a s e  and the  h igh  CO case ,  tcspective1.y.  From 
Fijiure 8-1, t h e  o p t i n u a  nunher of r e a c t o r s  in p a r a l l e l  i s  scen  t o  h e  
4, and t h e  op t inun  r e a c t o r  dimeter  t o  be 5.8 f t .  f o r  t l : e ' i n t e rmrd ia t e  
CO case. From F i g a r c  8-2, t h e  op t inun  nunb6r of r e a c t o r  and the  r e a c t o r  
d i a n e t e r  f o r  the .hifill CO c a s e  are 8 and G .0 - f t . ,  r e spec t ive ly .  Compar- 
ing Fip,ure 8-1 w i t h .  8-2, a cons idc rah lc  e f f e c t  of t h e  number of  r e a c t o r s  
in p a r a l l e l  on t h e  t o t a l  equipment c o s t  i s  noted - f o r  t h e  cases vhere  
1arRedianc tcr  r e a c t o r s  a r e  used. 
eqciip2ent . c o s t  f o r  .onc reactor and t h a t  w i t h  op t fmm nunber of r e a c t o r s  
i n  p a r a l l e l  a r e  $190,000 for t h e  h igh  CO case ,  b u t  on ly  $13,000 f o r  t h e  
i n t e n x d f a t e  CO case .  .Table S-l 'and 8-2 l i s t  t h e  optimum o p e r a t i n g  cm- 
d i t i o n s  and t h e  o p t i a u n  equjpnent  c o s t s  f o r  t h e  r ecyc le  s y s t e m .  

The di..f f c r cnces  bet::ccn t h e  optinrim I 

From Table  8-2, t h e  r e a c t o r  and c a t a l y s t  c o s t s  f o r  t h i s  systein a r e  
s e e n  t o  be n o s t  expens ive  anon:, t h e  t h r e e  systcms. In a d d i t i o n ,  r ecyc le  
punps a r e  a l s o  cons ide rab ly  expens ive  r e s u l t i n g  , i n  t h e  Ii iglicst  t o t a l  
cquipmcnt c o s t  anone t h e  t h r e e  s y s t e m  inves t iga t ed .  

, 

f 
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I 

Altliouqh i n  t h i s  s tudy  t h e  feed g:as i s  assumcc! t o  be a v a i l a b l e  
a t  n tc. . iprrnture of  100°F and a p r e s s u r e  of  1065 ps in ,  t h c  optisum 
t e w c r n t u r e  aitd p r e s s u r e  a r c  l a r g c l y  a f i c c t r d  by the  tintlccidcd choj  c e  
of t h e  pr i~ : . ry  g a s i f i c a t i o n  ~ I I ~ S C S  2nd t o  n lcsser e x t e n t  by t h e  pas 
p u r i f i c a t i o n  plinse and t h e  *.mtcr-gas s h i f t  r e a c t i o n  phase which. proceeds 
t h e  mctlianation phase. 
gas t cvpern t t i re  2nd p r r s s u r e  w i l l  a f f e c t  t h e  equipment c o s t  and what t h e  
optinunl trmpcrati irc and p res su re  should bc  as f a r  a s  t h e  methanat ion  
process  i s  concrrned. 

It  is  t h e r c f o r c  necessa ry  t o  s tudy  hcn7 t h e  feed  

F igure  9-2 shows t h e  r e l a t i o n  bctrreen t h e  t o t z l  equipment c o s t s  
a-d the  feed gas t empera ture  f o r  t h e  lo;? CO c a s e  i n  t h e  a d i a b a t i c  
r e a c t o r  and f o r  t h e  in t e rmed ia t e  CO case  and t h e  high CO case i n  t h e  
co ld  quench s y s t e m .  

(3) E f f e c t  of P res su re  of t h e  Peed G a s  on  T o t a l  Equipnent Cost for 
Two D i f f e r e n t  Product Gas Heating Values 

F igu re  9-3 shovs t h e  r e l a t i o n  between t o t a l  equipment cost and 
t h e  feed CO composition wi th  p r e s s u r e s  of t h c  feed  gas a s  parameter.  
S ince  i t  is necessary  t o  ma in ta in  t h e  o u t l e t  p roduct  g a s  p r e s s u r e  above 
1000 psip, i n  o r d e r  t o  meet p i p e l i n e  t r a n s p o r t a t i o n ,  t h e  product  g a s  must 
be compressed to t h i s  $ressure 'when th'e g a s  e f f l u e n t  f rom t h e  methanation 
r e a c t o r  does n o t  have enough p r e s s u r e  t o  meet t h i s  requirement.  The 
o p e r a t i n g  p r e s s u r e  of t h e  primary g a s i f i c a t i o n  system h a s  t h e  p rcdon ina t ing  
e f f e c t  on  the conpressor  requi rements ,  c o m r c s s o r  placement and t h e  vethann- 
t i o n  r e a c t o r  p r e s s u r e  so t h a t  t h e  methanat ion  p rocesses  cannot b e  optimized 
wi thout  t h e  s e l e c t i o n  and co -op t in i za t ion  of primary S a s i f i c a t i o n .  Homver,  
t h e  conpressor  c o s t  i s  by f a r  the l P r S e s t  p o r t i o n  of t h e  t o t a l  cquipmcnt 
cos t .  I f  we n e g l e c t  t h e  c o s t  of compression, F igu re  9-3 shovs  t h a t  t h e  
equipnent  cost dec reases  wi th  p r e s s u r e  of t h e  f eed  gas.  

The product  gas having t h e  h e a t j n g  v a l u e  of 900 R.t.u./SCF is b e l i r v e d  
t o  be enough t o  neet p i p e l i n e  gas q u a l i t i e s .  Its t o t a l  equ ipaen t  c o s t  
ve r sus  feed  CO composition wi th  p r e s s u r e  of t h e  feed  gas as parameter i s  
also shown i n  F igu re  9-3. 

(4) Parameter S e n s i t i v i t y  Analys is  

I n  t h i s  s tudy ,  t h e  optimum c o n d i t i o n s  (dec i s ions )  are ob ta ined  
based on t he  s p e c i f i c  v a l u e s  of  system parameters  which c h a r a c t e r i z e  
t h e  performance ( k i n e t i c  cons t an t s ,  h e a t  t r a n s f e r  c o e f f i c i e n t ,  e t c . )  
t o  n i n i n i z e  t h e  t o t a l  equipnent  c o s t  ( t h e  o b j r t i v e  func t ion ) .  The 
va lues  of  t hese  parameters  are u s u a l l y  ob ta ined  from t h c  expe r imen ta l  
s t u d i e s  or f r o n  c a r e f u l  e v a l u a t i o n s  baqed on e s t a b l i s h e d  c o r r e l a t i o n s .  
Of ten  t h c s e  v a l u e s  are somcvhat i n a c c u r a t e  due t o  l a c k  of time and funds 
r equ i r ed  f o r  a n  a c c u r a t e  eva lua t ion .  I f  t h e  performance of t h e  systen 
undcr t h e  o p t i n a l  c o n d i t i o n s  is s i g n i f i c a n t l y  dependent on t h c s e  pnrn- 
meters ,  and i f  t h e s e  va lues  are u n c e r t a i n ,  t h e  a c t u a l  s y s t c n  perfor-6nce 
may d e v i a t e  cons ide rab ly  front t h e  s p e c i f i c a t i o n .  Therefore ,  t o  ensu rc  3 

b e t t e r  s y s t e n  performance, i t  is necessa ry  to ana lyze  how s e n s i t i v e  th?  
system p a r m e t e r s  a r e  t o  t h e  o b j e c t i v e  f u n c t i o n  ( t o t a l  equipmrnt c o s t ) .  



Thc. ' resu]. t  of par?.r.!etcr se;:si t i v i t y  s t t i d y  on t l i r .  total fqii5p?ieiit 
cos t  b.isc.d on tllc 1 . o ~  m d  tlic l i i ; ; ! i  CO cane:; f n r  optili:tl:I metlian.?t.ioii 
proccs:;cs Is, shorn i;i TaL1.c 9-1.. ,, !.:!on;; tli:: pnr.:::ctcrs s tu r i i r : t l ,  t lic 
maxiTtl:i  al~o: in!!~c tel: i ;wratcrc,  Y", i s  a. inodcrntc:Iy scus j . t i vc  fnc,tor,  
partj .c\ i] .nrly f o r  t!ic h igh  CO case .  T h i s  ncnns i f  t h e  ninxln:uni n1lo:rnlle 
t m p c r a t u r c  could ' I x  i i ighcr tlien C 5 0 ° 1 r ,  t i l c  tot;i.I cqrii.pr:cnt c o s t  ci2y IC 
decreased ,  provided of cour sc  t l iat  ti!e cq i i i l i l~ r iu r l  hin4irmce i s  n:-oidcd 
by :no?j.:.g 2,:s :.c.:r t!::: ex i t  cf thc r c a c t ~ r . .  F r c  t5c .  t.--+ , I<. ' .  c -----,-' c C i l , . Y Y  (11. 

p o i n t  of v i c v  tlic nasisiun t c q 3 c r a t u r c  a t  vliich the  catalyst can he oncra ted  
wi thou t  dcnc t iva t inn  d u e  t o  ].oca1 s in t c r inp .  or ccrhon t l rpos i t i on ,  shoalcl 
be  as hi211 as possi!!lc. I!ov:cvcr, h igh  tercpcraturcs a l s o  l i n i i t  t h e  . 
m a t e r i a l  f o r  coi1:;truction of  t h e  r e a c t o r  2nd e c i i i i l i l ~ f i u ~  concen t r a t ion  
for ricthane. Thcrcforc ,  f u r t h e r  s tudy  of ca ta l .ys t  r e a c t i v i t y ,  d u r a b i l i t y  
and r e g e n e r a h i l i t ?  a r c  requircd. 

S ince  t lw hcnt  t r a n s f e r  c o c f f i c i c n t  i s  dircct1.y r c l a t e d  t o  thc: c o s t  
. of  h e a t  cxchnnqcrs,  an i n c r e a s e  i n  t h e  hca t  t r a n s f e r  c o e f f i c i e n t  wi1.1. 

d i r e c t l y  dccreasc  t h e  t o t a l  equipncnt  c o s t ,  p n r t i c u l a r l y  f o r  the l o v  
CO car;e. bong tiic hca t  t r a n s f c r  c o e f f i c i e n t s  s t u d i e d  as shown i n  
T a h l c  9-1, t l i n  c o c f f i c i c n t  of  tlic product cas  cno1c.r I11 seems thr. n o s t  
s e n s i t i v e  one, t h i s  is duc  t o  i t s  l n i - ~ e  h w t  tra!:sfcr a r c a  requi red .  
Compnrativcl y s?c..?kirx, t h c  I!cnt t r a n s f c r  cocff ic icnfr,  r?rc less s e n s i t i v e  
an!on: t h e  pnrcnctcrs st i i t l icd,  

The !:inntic cs?rnsr;:i.on seens  t o  be t h e  ~ m s t  s e n s i t i v e  f a c t o r  anon!: 
t h e  parameters cons idered  f o r  both the  low and t h e  h i zh  CO cascs .  

Other f a c t o r s  s t u d i c d  gave n c g l i g i h l c  w n s 3  t i v i t i c s  on t h c  t o t a l  
cquipinent cos t .  

(5) Uncr r tn in ty  h i n l y s i s  of Ki i i r t i c  Expression 

Lacking t h e  r c I . i a h l c  r.:.:?erjw!ital d a t a ,  i t  i s  d i f f j  c u l t  t o  oh tn in  
an  ncc i i ra tc  k i n e t i c  r a t c  exorcssicbn. Ilovever, i n  t h e  prev ious  ~ c c t i o n ,  
t h e  freo.ucncy f n c t o r ,  k, and t!ic orc!ers o f  t h e  reaction, si nnr! n a r e  fol:nd 
to be  ve ry  sensitive, t h e r e f o r e  j.t l ~ e c o x s  necessary  t o  s t u d y  hov t h e  
optimum pol icy  c!innges ovcr a r m g c  of unccr ta in t .y  i n  k, n and n. 

In t h i s  a n a l y s i s ,  a rancc. of unccrtni .nty i n  tlic k i n e t i c  r a t c  

. _  

cxprcs s ion  is  o!,tained hosed o n  the p o s i t i v e  nnc! t h e  ncy,ativc? msirIrtn 
d e v i a t i o n s  i n  t h c  2.rrhciiiua p h t .  The o r d e r s  0 7  r e a c t i o n  n .?nd 11 a r c  
v z r i c d  fro:? 0.2 to 0.4 2nd fro:) q.6 t o  0.9,  r c s~~cc . t : i vc ly .  Tiie opti.:?ium 
r e a c t o r  de5iC.n ,?s t . 1 ~ 1 1  as the to:.?l e.q~.riirxent cost: f o r  vnrioris s e t s  o f  
o, n and tlte corre.rpondin.; iiaxi::.:c nnc' ::inj-?n valticr; of k f o r  - t h e  lo:< CCI 
c a s c  a r e  s h o x  i n  Tab1.c 3-2. 



139. 

I 

-- -0,051 
-0.103 -0.087 
-0.196 -0.104 
-0.131 -0.051 
-0.263 x -9.13 x 
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UP 

P 0.398 x 0.486 10'~ 
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TIS 

TO -- n.377 
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-0.175 -0.331 -- 0.161 

k* -0,155 -0.126 
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.Reactor, 1)iauEtcr Reactor Heir,ht Tntai '  Equipinent 
k n n f t  f t  c o s t ,  dolla1- 

- ..-.I-- __ -__ .--I-.-_-- --.---_-- 
~ _ _  _-I__. -__ .-I_...____ ___  ._- ____ ~ 

.. . 

100 0.3 0.7 6.1 . , 11.3 366,000 
110 0.3- 0.7 6.0 l O . 7  ' . ' 355,800 . . 
120 0.3 0.7 5.9 10.1 348,600 . 

343,160 
140 ' 0.3 0.7 . 5.1 : 9.3 338,230 

200 . 0.2 0.6- 6.R i 8 . i ~  441,200 

. . -  
. .  

. .  . .  9.7 130 0.3 0.7' ,5.8 . .  

* * *  
148 0 .2 .  0 .6  7.1 22.4 ' , 490,200 * * *  . .  . .  ----- - 
142 0.2 0.9, 5 ..4 7.T7. - ; 31 7,940 
104 0.2 0.9 5.7 8.75:- ' 334,579. 

.. . * * ; a  - 
157 0.4 0.~6-- 5.4 7.58 320,360 

. .  11.5 0.4 0.6 5.7 9.25. 337,720 . .  * * *  - 
85 0.4 0 . 9  . 4.6 3.5.. . .  287,900 , . ,  

62 . 0.4 . 0 . 9  5.0 . . 4.2 . 295,100 

c 
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I 

desiKn is cons ide rab ly  a f f e c t e d  by t l ie k i n c t i c  ' r a t e  expres s ion ,  a m r c  
ex tens ive  i n v e s t i g a t i o n  of t h e  r e s c t i o n  k i n e t i c s  and furt.lii:r clcvcl.onisciit 
of inm-owd c a t a l y s t  zre necessary  f o r  nc t l inna t ion  reac t i r rn .  
depcridency of tlic ra te  equa t ion  on concen t r a t ion  niid t c n p e r n t u r e  should 
lie more firr.ily c s t a b l i s h c d .  

( 6 )  

The 

Gsc of  Hardia;.! Xi-0116T - l/S" C a t a l y s t  

In s t ead  of  llarsharl Xi-0104T - 1 /4" ,  Hars!iav Si-011GT - 1/8" c a t a l y s t  
p e l l e t  may bc used. 
k i n e t i c  ra te  expres s ion  are a f f e c t e d  and t h e r e f o r e  must be ad jus t ed .  
Again i t  is r a t h e r  d i f f i c u l t  a t  p re sen t  t o  o b t a i n  an a c c u r a t e  r a t e  
equa t ion ,  a rouch c o r r e l a t i o n  I s  obta ined .  
are cons idcrcd  t o  bc the same and a v a l u e  of 240 f o r  t h e  frequency 
f a c t o r ,  k, is used. Tlie o p t i n m  r e a c t o r  des ign  RS well as t h e  t o t a l  
equipment c o s t s  f o r  t h e  low CO case f o r  t h e  a d i a b s t i c  r 3 a c t o r  system 
and f o r  the h igh  
9-3.. Apparently,  t h e  r e a c t o r  d i anc t , c r s  are about t h e  sane  and t h e  
r e a c t o r  h e i s h t s  are a!,out h a l v e s  as t hose  whcn 1/4" p e l l e t s  .are u s e d .  . 
T h i s  is due t o  tl ic pressure drop  a c r o s s  t h e  r e a c t o r  bed being tvicc as 
hgp, as previous  case. 
decreased i n  both  cases .  

The p r e s s u r e  d r o p  a c r o s s  t h e . r c a c t o r  bcd and t h e  

The orders of t h e  r e a c t i o n  

CO case for t l ie co ld  quench system a r e  shown i n  Table  

The t o t a l  equipment c o s t  is a l s o  s l i g h t l y  

(?) Feed v i t h  CO Composition Iliglier Than 15% 

Since  t h e  e x p c r i n c n t a l  k i n e t i c  d a t a  are a v a i l a b l e  only up t o  15% 
of feed CO concen t r a t ion ,  t h e  p r e s e n t  o p t i n i z a t i o n  s tudy  i s  r e s t r i c t e d  
wit!iin t h i s  rxqe. 
than. 152,. reactors v i t h  b e t t e r  h e a t  r enova l  s y s t e m  must he consirlcrrd.  
One of t!ic I k y s  t o  reach  b e t t e r  h e a t  r cnova l  is to u t i l i z e  t h e  sprayed 
c a t a l y s t  on h e a t .  t r a n s f e r  s u r f a c c  t o  f a c i l i t a t e  qu ick  r enova l  of hea t .  
Also, t h e r c  is t h e  hot-gas-recycle s y s t e n  in v!iicli tvo  mcthanators  a r c  
ciscd. The bulk  o f  t h e  wettianation, 39 t o  90 pe rcen t  convers jon  of t!ie 
fced gas, occur s  i n  t h e  n a i n  r e a c t o r  over  s tee l  c a t a l y s t s ;  t h e  remainder 
of t he  nc thann t ion  o c c u r s  i n  t!ie second r e a c t o r  over  a Rancj. n i c k e l  
ca t a l l i s  t. 

liovever, when t h e  feed  CO ccmposition. is higher  

. In o r d e r  to  o b t a i n  a rough e s t i x a t e  of tlie t o t a l  cqutpx-r?nt c o s t  for  
t h e  feed  CO concen t r a t ion  Iii&her than  157, a feed  con ta in inz  approxiantel! 
2 O X  of  CO is s tud ied .  
r e a c t o r ,  t h e  h e a t  e x t r a c t i o n  s y s t c n  i s  poor for t h e  h e a t  r e n o v a l  under 
t h i s  cond i t ion  and t h e  co ld  quench systcrn i s  d i f f i c u l t  due t o  t!ie f a c t  
t h a t  the r e a c t o r  tempera ture  q u i c k l y  reac!ies tlie r,~aximun a11 orraLl e r e x t o r  
t e ipe ra t c i r c  causin: tlie co ld  s h o t  d i f € i c u l . t y .  Besides,  t l ic tenpcrati irr .  
d i f f e r e n c e  hc tvcen  t h e  c a t a l y s t  s u r f n c e  and tlie b111.k %as pliasc could 
becone cxcess iva  .drw t o  t h e  l a r g e  r e a c t i o n  h e a t  Gencratcd. 
a t u r c  run-avay". nay cause  t h e  c a t a l y s t  s i n t e r i n x  and tiic carbon dcnnsi tim. 
A r ecyc le  s;rster.i is t h c r e f o r t  cons idered .  
f n  130th feed  and product  sases are l i s t e d  i n  Table  9-4. 
t h e  p r o n c r t i e s  j n c l u d i n ?  k i n e t i c ,  r a t e  expres s ion  used i n  t!ie ureviour. 
op t in t i aCion  s tudy  czn b e  a p p l i c a b l e  and t h e  e x i t  r e a c t o r  tenpera t l i re  is 
chanzcd t o  799°F due to  tl ie equj - l ib r iuz i  h indrance ,  t h e  s:;stca .is o n t i n i  zed 
by t h e  s h i l a r  *.?a7 'as uscd i n  t h e  his11 CO case  f o r  thc'  rec:Jcle svr.tc:.i. 
Fi5n-e 9-4 s!icr:s t h e  e f f e c t  o f  tlic r e a c t o r  d i a z e t c r  on t h e  t o t a l  &jui~:?en: 
c o s t  w i th  t h c  ntin!ier of  r e a c t o r s  i n  p a r a l l c l  as pnrmetrr. I n  ~ h c  c o s t  
e S t j m t i o n ,  a s  ttic nud jc r  of r e a c t o r s  is , i n c r e n s r d ,  $9,009 per  e;lc!i re.?ct-?r 
i s  adr!ed as, t!ic c o s t s  for c o n t r o l  valvcr, nr.d o t h e r  i n s t r u ~ i c n t a t i o n . .  

S ince  a larso azount  of h e a t  is Kencrated in tho- 

Thc "teiiner- 

-e flo::? r a t e  and conponi t inn  
AssuTiiny. t h a t  al.1 

?I . ,?  
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F i r s t  Fknctctr 
D i m e t e r ,  f t  5 . 3  5.9. 6 .'2 6 . 2  
F i r s t  IZcnctor 

Second Reactor 
Di;r.iiotcr, i t  -- -- 6 . 6  6 . 8  
Second Reactor 
I k  i:;!1 t , f t -- -- 3.0 .1'. 5 
Third 1:ezctor 

Third Xenttor 
l l c i~ l i t ,  f t  -- -- . . 8.S 4.42 
Total 1:quip::icnt 
Cost, $ 343,600 315,650 677,320 ' 627,843 

I k i ~ l i t ,  ft 1.0.1 5 . 2  3.4 2 . 1  

D i w e t e r ,  ft -- -- 7.2 1.2 

___I__ ______._________..___--- ---_ - 
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c114 8,267.1 17,200 17,82?. 2 92.109 
co 9 , 57 !. .5 19.920 19.3 0,100 

"2 
48.1 0.100 9,603.2  0.090 CO? 

1120 

Total 4 8,OG 't . A 100.0 28,955 . I  100.0 

20,357.6 61.080 692.3 3.57 7 
90.1  0.100 96.1 0.497 

I x2 721 .O 1.500 721.0 3.726 

! 
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optii: ,m nc-bcr of  reac tors  i n  p.?rnllcl i s  seen t o  bc 16, the o p t i m n  
reactor  d i a i x t c r  t o  be 5 . 8  feet,  ai$ tile optinnm rcactor  !leislit is 
4 . 7 5  f ee t .  
much larpcr tiizii thr. previous C:.T.CS studied. 

'(8) ?:iscell;incous 

Tne o!>tixi:n to ta l  c q u i j x s i t  c o s t  is $I,739,780 and i s  

. .  

In t h i s  s tndy,  o n l y  thc  equikiant costs are  considered i n  t l i f  oh jcc t lve  
functfon dim' to the d i f f i c i i l t p  i n  csriri:itlng thc  costs of var ious  feed 
gases vhich dcpcnd 5rc.ntIy upon tlic prinnrp gas i f icatLon phases. After 
the  opt imizat ion of the ot!icr sub-systc!a, such as thc primary p,hsifi.cation 
phases,  puri f icat icm pilases and otiicr necessary p i i w c s  has  bccn compietcci, 
tlic o v e r a l l  p l a i t  opt imizat ion must then he pcrforiocd. 

\ .  

. ,  

I 
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10. CONCLUSIO:: 

An o p t i a i z a t i o n  s t u d y  of methanation p rocesses  i n  t h e  coa l  
g a s i f i c n t i o n  p l a t  l i m  b x x i  per fo r red .  Three d i f f e r e n t  fccd composi- 
tion:, namely t h e  h 7 . r  cn case, t h e  i n t e r n e d i a t e  co case and the h izh  
CO case  have been cons idered .  Your d i l f e r c n t  systei:is employing f ixed 
bed rioirnfloyv, c a t a l y t i c  r e z c t o r s  have bccn exnmi.ned. They are t h e  
ad ia! , . t i c .  r cnc to r  sys:.cn, t!ie h e a t  e x t r a c t i o n  sys t e n ,  t h e  cold quench 
SyStciq and t h e  r e c y c l e  s p t e n .  
bccn s i n u l a t e d  due t o  t h e  f a c t  t h a t  i t  occupies  a major p o r t i o n  of  t h e  
t o t a l  equipnent  c o s t .  TI!? f o l l o v i n g  conclus ions  are d r a m  from t h e  
r e s u l t s  of t h e  st t ldy.  

Tlie h e a t  c:<cliary,cr op t imiza t ion  hns a l s o  

1. Owing t o  t h e  extrymely large h e a t  of r e a c t i o n ,  removal of 
h e a t  f ron  tlie r c a c t i n z  gas is  t h e  major problem a s s o c i a t e d  w i t h  
ne thana t ion  process .  The c o s t  of equipnent involvch  i n  h e a t  removal 
such as h e a t  exchangers ,  etc. ,  occup ies  a major p o r t i o n  of t h e  t o t a l  
equipment c o s t ,  
when.tl ic feed gas  c o n t a i n s  a l a r g e  amount of CO. 

The problem of h e a t  removal becomes more complicated 

2. In tlie low CO c a s e ,  s i n c e  CO conccn t rn t ion  i n  tlie fecd  gas is ' 
less tlian 4 .6%,  nn a d i a b a t i c  r e a c t o r  system is  s u f f i c i e n t  to  ach ieve  
a product  gas equ iva len t .  t o  t he  p i p e l i n e  gas q u a l i t y .  
of ot l icr  systems i s  unnecessary.  
hecones tlie op t inun  system f o r  t h e  low CO case .  

The c o n s i d e r a t i o n  
The a d i a b a t i c  r e a c t o r  system then  

I n  t h e  i n t c n e d i a t e  and hig!i CO c a s e s ,  s i n c e  CO concen t r a t ion  i n  the  
feed  gas  is over  4 . 6 % ,  some dev ices  for r enova l  o f  t h e  h e a t  a r e  needed. 
Anong t h r e e  s::stenns cons i2ered;  t h e  co ld  quench s y s t c n  . o f f e r s  t h e  l e a s t  
t o t s 1  equipment c o s t  foll.owcd by t h e  h e a t '  e x t r a c t i o n  system. 
s y s t c n  is by f a r  tlie most expensive s y s t e m ,  

The r e c y c l e  . 

I 
I The above analysis i s  based on t h e  feed g.?s t e q p e r a t u r e  of 100'F, 

t h e  i n l e t  r e a c t o r  t m p e r a t u r e  of -  550°F and t h e  maxinun r e a c t o r  tempera ture  I 

of 850'F. 
1 .  

3. Among t h r e e  s y s t e m  cons idered  i n  t h e  i n t e r n e d i a t e  and h i s h  
CO cases ,  fron t h e  t o t a l  equinment c o s t  p o i n t  of view, t h c  h e a t  
e x t r a c t i o n  system is n o t  t o o  far avay f ro3  t h e  co ld  quench system, b u t  
from t h e  maintenance and opera t iona l .  p o i n t s  of v i cv ,  tlie h e a t  e x t r n c t i o n  
system is n o t  easy to  c o n t r o l  du r iny  t h e  o p e r a t i o n  and nay become u n s t a h l e  
when m a l l  d i s t u r b a n c e s  i n  t h e  o p e r a t i n s  c o n d i t i o n s  are p resen t .  , 

The r c c y c l c  sy4te.n on t h e  o t h e r  hand may be most c o s t l y ,  b u t  is 
easiest t o  c o n t r o l ,  p a r t i c u l a r l y  when tlic CO concen t r a t ion  i n  t h e  f eed  ?as 
i s . h i r , h  and trhen t h e  gas d i s t r i b u t i o n  throuch t h e  c a t a l y s t  bcd i s  n o t  

I 
I 

I LI 

I on l f  orm. 

4. The t o t a l  equipnent  c o s t  is a l s o  a f f e c t e d  hy t h e  feed  gas 
t m p c r a t u r e  and p res su re .  There i s  an op t inun  feed tempera ture  f o r  a 
e iven  concen t r a t ion .  The opt inua .  feed  gas tr:iperature f o r  t h e  l o v  CO 
c a s e  is 200*F, f o r  t h e  i n t e r n e d i a t e  CO case I s  250°F 2nd f o r  t h e  l i i r , h  
co case is 309.F. Since tlic s m l l e r  voli!c?ctric flow rste vould  s i c n i f i -  
c a n t l y  redlice t h e  c o s t  o f  t h e  connrcssor, t h e  pas s!iould be conprcsscd 
t o  n e e t  t?ie p i p e l i n e  Cas spcc i f  i c a t i o n s  sf t e r  t h c  ne thana t ion  p rocess  
and t he  feed  u r e s s u r e  t o  t!ie x t h a n a t i o n  proccss!should  bc as low as 

B 

)I POSS i h  l e  * 
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9. Since t!ic e x p c r i m n t n l  I:i.netic d a t a  arc a v s i l n l i l e  on ly  !i:i t o  
157 of feed CO c o n s c i i t r a t i o n ,  t!ie ? r e s e n t  o:Jti.!nization stiirly is 
r e s t r i c t e d  ::j t h i n  t!ii.s r:xi:;p. I f  tl:e feed Cn co:?por;ition i s  l i i g i i e r  than 
152, r e a c t o r s  v j t h  h e t t c r  h e a t  rex::ovsl s y s t e a s ,  s,ur.h as  u t i l i z i n r ,  t:ic 

sprnyc.d c;'.tnl;':;t on t ! :~  tie::t t r z n s f e r  s!irfnce t o  f n c i  l i t n t c  t h e  quick 
re;xwZl of 1:eat nt!d t l ic liot-r,as-rccycle systm slioul.tl he consic!crr.tl. 

Asswiin?. t h n t  Llie kinc t i . c  r z t c  express ion  u s c d  i n  L ! i i s  s t u d y  i s  
npplic.y!)lc, t!!c recycle syst.c;i i s  optimizct! enplo :J iny  n feed contni:iin:: 
apprc>:f*.:atr!l;.f ?.9:; of CO. Yi,? o;?ti:it!- nuiL.c.r o f  i - ~ a c t o r s  i n  1 ,nral le l .  is 
found t o  !)e 1.6, tlic onti::~um r e a c t o r  d i c ? : x t c r  ol: 5.8 f e e t ,  nnr! t*hc op t imm 
re;?ctcr !ici?!it of 4.75 feet: nnc',' t:-ic o i i t h i r i  t<Jt'.?.?. cquin:!ent cost  0 2  
$1,7*9,7R!l arc o b t z i n c d  froi.1 tlic r e s u l t s .  
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h e a t  t r a n s f e r  a r e a  

t o t a l  h e a t  t r a n s f e r  Zrea o f  f i n  tube  i n  n-th c e l l  

h e a t  t r a n s f e r  a r e a  of  f i r s t ,  soconci a i d  t h i r d  
product  ~ a s  c o o l e r ,  r e s p e c t i v d v  
bare tt!i,r hcat t.rrtvstf:' nfen oL" t i n  tube 
brake ho r se  p o m r  

brake ho r se  poirer of  r e c y c l e  conpres so r  

b a f f l e  spac ing  

i n s t a l l e d  c o s t  of h e a t  exchanger p e r  u n i t  h e a t  
t r a n s f e r  <:*ea b a s e d  on o u t s i d e  

concen t r a t ion  of  product  gas  i n  bu lk  of gas phaso 

c o s t  f o r  supplying one f t . -1b . fo rce  t o  pump f l u i d  
f lowing through i n s i d e  of t u b e s  

h e i g h t  of  a u n i t  c e l l  

c o s t  f o r  supplying 1 f t . -1h . fo rce  t o  pump f l u i d  
f lowing through s h e l l  s i d e  

h e a t  c a p a c i t y  of gases  

mpfy h e a t  c a p a c i t y  of i - t h  component a t  temperature  
T 

h e a t  c z p a c i t y  of product  gas a t  temperature  T(') 

h e a t  c a p a c i t y  of wa te r  

c o s t  p e r  pound of m a t e r i a l  used f o r  c o n s t r u c t i o n  
of r e a c t o r - s h e l l  

3 ( l b  .n;ole/ft e ) 

( $/f t -1b e f o r c e  ) 

( f t .  1 
( $/f t e l b  o f  o r ce ) 

( B . t - u / l b  e F' ) 

(B. t .u./ 
1b.mole"F) 

( B . t e u./lb e OF) 

(E. t . u. / lb  . OF) 

I Cs concen t ra t ion  of product  gas a t  s u r f a c e  of c a t a l y s t  ( lb .mole/f t .  3 ) 
I 

I 
I CT t o t a l  annua l  v a r i a b l e  c o s t  ($/years  1 

Cy c o s t  y e a r  i ndex  (--I 
D i n s i d e  d i ame te r  of r e a c t o r  ( f t .  

De e q u i v a l e n t  d i a n e t e r  f o r  h e a t  t r a n s f e r  tube  ( f t .  

Di i n c i d c  r : i : - ? t p ?  n: tuio ( f t .  

A 

t 
! 
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heat. cxchnnccr c o s t  

pover l o s s  inside tub? pzr  u n i t  of ou t s ide  tube  area 

poacr loss o u t s j d e  tube  pe r  u n i t  of og t s ide  tube  area 

rezcto;* c o s t  

cos t  of u c i t  t r a y  

t o t a l  equj.pr;.snt c o s t  

molar. f i o v  r a t e  of C!I a t  n-th c e l l  

m3lar flat: r a t e  of C3 a t  n-th c s l l  

n o l a r  f l o x  r a t e  of H2 2.t n-th c e l l  

molar flow rate of C02 a t  n-th c e l l  

m l a r  f l o u  r a t e  of H20 a t  n-th c e l l  

r.olnr flov r a t e  of Ei2 a t  n-th cc.l.1 

t o t a l  rcolar f l o a  r a t e  o f  feed gas 

s io la r  f lo -  rate of i - t h  coc;onen-t i n  feed, product 
ar,d rccyclc gas, r c spc - t ive ly  

4 

($1 
(ft .- lb.force/ 
h r  e f t .2) 

hr . f t .2) 
(ft.-lb.force/ 

(S) 
($/unit  t r q )  

(S )  

( I b  .mole/hr e ) 

( I b , ~ d e / i n i  e ) 

(lb .r;;ole/hr. ) 

(lb.mole/hr. ) 

(lb.mole/hr. ) 

(1b.Ro1e/xO) 

(it. 
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FT c o r r e c t i o n  f a c t o r  on A t ,  (7-1 
G s u p e r f i c i a l  MSS v e l o c i t y  ( lb , / f t . ?hr . )  

3 Gs s h e l l s i d e  mass v e l o c i t y  (lb./f t , .  hr.) 

AH h e a t  of r e a c t i o n  (B.t *u ./lb .mgl c CtIll) 

H hours  o f  o p e r a t i o n  per yea r  ( h r  o /yea r )  
Y 

i Ah h y d r a u l i c  head ( ft .Y,O) 
1 

h i  i n s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  of t u b e  (B,t.u./fte2hr, 'F') 

ho o u t s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  of  t ube  (B.t.u./ft.'hy.'F) 

hp f l u i d - p a r t i c l e s  h e a t  t r a p s f c r  Coef f i c i en t  ( B.t.u./ft.2hr. OF) 
t 
1 If c o s t  f a c t o r  (-1 
I 

I JH h e a t  t r a n s f e r  f a c t o r  (-1 

J~ m a s s - t r a n s f w  f a c t o r  ( - - \  
K r a t i o  of s p c c c f i c  heats  (--) 
k thermal conduc t iv i ty  of f l u i d  ( B . t . u. / f t h r  "F 

1, kd d i f fus i . on  c o e f f i c i e q t  
\ I 

KF annual f i x e d  charges  (-1 

5 

I 2 KG mass t r a n s f e r  C o e f f i c i e n t  ( l bxno le /h r . f t .  a tF . )  

e q u i l i b r i u m  c o n s t a n t  o f  methanation r e a c t i o n  

e q u i l i b r i u i i  c o n s t a n t  o f  s h i f t  Teac t ion  

(-1 
(-1 

p i 

G2, 1 
1 ke  e f f e c t i v e  therrr.al c o n d u c t i v i t y  of c a t a l y s t  p a r t i c l e s  (B.t.u./ft.hr.*F) 

kf f l u i d - p a r t i c l e  mass t r a n s f e r  c o e f f i c i e n t  ( f t  . /hr. ) 

ke  t h e m a 1  c o n d u c t i v i t y  o f  gas (B. t .u./ft .hr. O F )  

\ vass a c t i o n  latr r a t i o  of  product g a s  i n  ne thaqa t ion  (--) 
I r e a c t i o n  

1 k, thermal conduc t iv i ty  of c a t a l y s t  (B.t.u./ft.hy.*F) 

L length of r e a c t o r  ( f L )  

Ld l e n g t h  o f  h e a t  exchar.pcr ( f t .  1 
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H 

AP 

pa a 

pc 

'b 

gf 
P 

PN 

PO 

APS 

V 
P 

P;I 

p, 

pco 

Qc 

Q" 

PK2 

q' 

9, 

, .  

aver2.p rcolccul:.r m i  Ci-Lt of protiuct gas 

m s n ,  raleculc:  v.eig!it of f l . c id  

mole,cu! 2.r ceigi l t  o f  stet.::: 

nwibcr of  trr-.ys 

Prmc?tl r,unbc.r 

d e s i e ~ i  p re s su re  

p re s su re  drop  p e r  u n i t  c e l l  

p re s su re  a t  suc t ion  t o  coi;rpressor (atm. ) 

pres su re  a t  d ischarge  from c o q r e s s o r  ( a tn .  ) 

p a r t i a l  p r e s s u r e  o f  s tem a t  sur face  of tube  (atm. ) 

logarithnic-mean p res su re  d i f f e rence  of non-condensing (atm. ) 
gas 

o u t l e t  p r e s s l r e  of r e a c t o r  

i n l e t  p r e s s u r e  of r e a c t o r  

s h e l l  side p res su re  drop i n  hea t  exchanger I ( p s i )  

p a r t i a l  p re s su re  of stearn a t  bulk f l u i d  

vapor p r e s s u r e  of u a t e r  a t  tec.peraiure TII 

p a r t i a l  p re s su re  of steEn i n  product gas 

p a r t i d  prsseure of CO 

(atm. ) 

( a tn .  ) 

(at:o. ) 

(atvi. ) 

(atn. ) 

(atr.. ) 
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T 1 , P  

TA 

T* 

TF 

TN 

ThT 

T” 

‘a 

Tb 

Th 

volu:.~ of &as colcpressed 

r e c y c l e  gas f low r2t.e 

rcs i s ia1 lce  t o  h e a t  flo-2 due t o  r c a l i n g  

c i i ~ l ~ r c c  il*i),ll c L n t c r  o f  r:.tdyst p q r t i c l e  

r e a c t i o n  r a t e  per  u n i t  c a t a l y s t  p a r t i c l e  

( f t ‘hi- OF/% t.. u ) 

( f t . )  

( l b  .nol.e CH / b .  W . u n i t   cab-^^; s t  ) 

r e a c t i o n  r a t e  

maxiniun a l lowab le  s t r e s s  (psiel  

s p e c i f i c  g r a v i t y  (--) 

t empera ture  ( O F )  

i n l e t  t e i ?pe ra tu res  of f irst ,  second and t h i r d  (OF) 

o u t l e t  gas  t e n p c r a t u r e  from first  and second (OF) 

o u t l e t  gas  tempera ture  Cram in t e rmed ia t e  c o o l e r  (OF) 

r e a c t o r ,  r e s p e c t i v e l y  

product  gas  c o o l e r ,  r e s p e c t i v e l y  

ex i t  t e n p e r a t u r e  o f  f i n a l  r e a c t o r  f o r  h igh  CO case  (OF) 

f e e d  gas t e z p e r a t u r e  ( O F )  

exi t  gas t e i p e r a t u r e  o f  r e a c t o r  (OF) 

gas t e r p a - a t u r e  l e a v i n g  r e c y c l e  gas c o o l e r  ( O F )  

te:peraturc a t  n - th  c e l l  (OF) 

o u t l e t  p roduc t  g a s  t e q x r a t u r c  f r c  1 p r e h e a t e r  

outlet f c s d  gas  tcmpcra turc  f r o n  p r e h c a t e r  f o r  

(OF) 

(OF) 
rec: c l e  si-stcrr, 

t c r p e r a i u r i  a t  s u c t i o n  t o  co-pressor 

bulk ~ 2 s  t c r p e r a t u r e  i n  r w c t o r  

t h i c h o s s  of r eac5or  
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TS 

t C 1 '  tC3 

\dl 

I IdC 

C I? 

I,' * 

x f< 

CH4 

x l o  

q 2 0  

%, 

%I4 

3'2 

% 

X* 9 

xco 

sur face  tc:iFcrnture of cn ta lys t  partic1c.s 

out le t  coolant  tci:iperaturc of f i r s t  , .zntl 
t h i r d  1)roduc.t $as coo le r s ,  r e spcc t ive ly  

i n l e t  watcr tcxipcraturc of f i r s t  product gas cooler  

t cxpc ra tu re  of t rectct l  o r  spent  water 

' logarithmic-iman tcinpernture d i f  ferench 

p v c r i l l  lieat t r a n s f e r  coc ' f f i c i en t s  of f i r s t ,  second 
and t h i r d  product gas  coolers ,  r e spec t ive ly  , 

o v e r a l l  hea t  t r a n s f e r  c o e f f i c i c n t  of fi.n tubes 

o v e r a l l  hea t  t r a n s f e r  c o e f f i c i c n t  of prehea tcr  

c a t a l y s t  volume pcr u n i t  c e l l  

molar flow r a t e  of product gas 

flow r a t e  of t r e a t e d  and process water i n  product gas  
coo le r s ,  r e s p e c t i v e l y  

t h e  water f l o v  r a t e  throucli the  f i r s t  cxclianqer 

c a t a l y s t  weiqht 

nass  f l o c  r a t e  of  feed gas 

weizht of r c n c t o r  tube 

flori r a t e  of 430 psia s t ean  and 35 Ds?a s t e a n  i n  
product gas  c o o l e r ,  r e spec t jve ly  

4 e q u i l i b r i u , i  mole f r a c t i o n  of CtI 

e q u i l i b r i u n  nole f r a c t i o n  of H 0 2 

e q u i l i b r i u n  nolc f r a c t i o n  of CO 

2 
e q u i l i b r i u n  mole f r a c t i o n  o f  tI 

2 e q u i l i b r i u n  nole f r a c t i o n  o f  CO 

mole f r a c t i o n  of  Cti4 i n  product gas 

mole f r a c t i o n  of 1: 0 i n  product gas 

mole f r ac t io i i  of CO in p r o h c t  gas 

mole f r a c t i o n  of H i n  product p a s  

2 

2 

2 

2 

( f t .  ) 

(n. t .u . / f t .  IX. OF) 

(R.t .u./f t .  hr.'F) 

3 

(lL..nolc/hr .) 

( lb. / ! lr . )  

(--) 1 



153. 

I 

I 

s convcr:;ion of CO to  Cli4 a t  i n l e t  o f  secnntl nnd p) p) 
t h i r d  r e a c t o r  

y!; 
4 t o t a l .  convers ion  o f  CO t o  CI1 

I, 
1 
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Greek L e t t e r s  

o b j e c t i v e  f c n c t i o n  Z t l ?  tk.t cf opt.i;limn, r e s p e c t i v e l y  

s y s t c n  paramct.er si1b.jcc.t t o  v a r i a t k m  nnd a sp-,ci.fic 
va lue  of s y s t w  para;wters, r e s p c c t i v c l y  

voi.d f r a c t i o n  of rcilctor 

i n t e r n n l  p o r o s i t y  of c a t a l y s t  

Ligrange wi!.tipl. i e r  

f r a c t i o n  of feed  gas p a s s i n c  through p r n h c a t e r  

h e a t  o f  condensat ion f o r  steam 

gas v i s c o s i t y  

gas d e n s i t y  

c a t  a1 ys t d e n s i t y  

a e n s i t y  of  r e a c t o r  shell 

d e n s i t y  of c o o l i n g  water 

s e n s i t i v i t y  de f ined  as [a - FF1 / [B - 
c o s t .  f a c t o r  

(1:-1) /!: 

~ 
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14. 

. 15,. 
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17. 

Co:wunication, I l a r s h m  Clic.nicnl. Co. , Cl.eveland, , n? i io ,  J u l y ,  1.967. 

Erzun, S., Chcn. Eng. r r o z r . ,  48, 89 (1352). 

Fan, L. T., Lee, E. S. and Erickson,  I.. E . ,  " P r o c r e t l i n ~ s  of t h e  
?iASUA Conf e r e n c e  o n  \lodern Optirni z a t i o n  Tecliniques nnd t h e i r  
Appl ica t ion  i n  Encineerinr; Des-jin," P a r t  IT, The ?lid-r'sierica 
S t a t e  C n i v c r s i t i e s  Assoc ia t ion ,  13G6. 

h x s o n ,  B. \,I., Chen. fng.  Progi-., 2, 19 (1951). 

Jones ,  P. R. and Katelt ,  S.; "Cor.lputcr Csane' for 1:valint.ion.of 
Dnsir,n I'orsnicters and Cost of I k a t  Exchanoers ..lith So Chanxc i n  
Phsse and purlpin; Costs  of  Xotli, I ' lu ids  a's P r i n e  I'aramcters," 
I C  liurenu of :.li.ncs I n f o r c a t i o n  Ci rcu lRr  6 3 3 4 ,  1907. 

Kern, D. Q., "Process !?cat Tra;:sfer," I.!cCra:.: Vill, ?:e!.! I'orlc, 1950. 

IlcCabe, V. I,. and Smirh, J. C., "Unit O r e r a t i o n s  of Cheaica l  
Engincerinfi," :.IcGrnv Hill, !:cv York,  1956. 

Page, J. S . ,  "1 :s t i r~a tor ' s  Yhnua1 of Equin:.icnt and 1 n s t a l l . a t i o n  
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P- --- RECYCLE SYSTEM 

SYSTEF.1 

SYSTE t.1 

MEAT EXTRACTION 
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